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ABSTRACT 
Nanoroughness is becoming a very important specification for many nanostructures 
and nanodevices, and its metrology impacts not only the nanodevice properties of 
interest, but also its material selection and process development. This Ph.D. thesis 
presents an investigation into fabrication and nanoroughness characterization of 
nanoscale specimens and MIS (metal-insulator-semiconductor) capacitors with 2HfO  
as a high k dielectric. 
Self-affine curves and Gaussian, non-Gaussian, self-affine as well as complicated 
rough surfaces were characterized and simulated. The effects of characteristic 
parameters on the CD (critical dimension) variation and the properties of these rough 
surfaces were visualized. Compared with experimental investigations, these 
simulations are flexible, low cost and highly efficient. Relevant conclusions were 
frequently employed in subsequent investigations. 
A proposal regarding the thicknesses of the deposited films represented by nominal 
linewidths and pitch was put forward. The MBE (Molecular Beam Epitaxy) process 
was introduced and AlGaAs  and GaAs  were selected to fabricate nanolinewidth 
and nanopitch specimens on GaAs  substrate with nominal linewidths of 2nm, 4nm, 
6nm and 8nm, and a nominal pitch of 5nm. HRTEM (High Resolution Transmission 
Electron Microscopy) image-based characterization of LER/LWR (Line Edge 
Roughness/Line Width Roughness) in real space and frequency domains 
  
demonstrated that the MBE-based process was capable of fabricating the desired 
nanolinewidth and nanopitch specimens and could be regulated accordingly. 
MIS capacitors with 2HfO  film as high k dielectric were fabricated, and SEM 
(Scanning Electron Microscope) image-based nanoroughness characterization, along 
with measurement of the MIS capacitor electrical properties were performed. It was 
concluded that the annealing temperature of the deposited 2HfO  film was an 
important process parameter and 700℃ was an optimal temperature to improve the 
properties of the MIS capacitor. Also, by quantitative characterization of the relevant 
nanoroughness, the fabrication process can be further regulated. 
The uncertainty propagation model of SEM-based nanoroughness measurement was 
presented according to specific requirements of the relevant standards, ISO GPS 
(Geometric Product Specifications and Verification) and GUM (Guide to the 
Expression of Uncertainty in Measurement), and the method for implementating 
uncertainties was evaluated. The case study demonstrated that the total standard 
uncertainty of the nanoroughness measurement was 0.13nm, while its expanded 
uncertainty with the coverage factor k  as 3 was 0.39nm. They are indispensable 
parts of LER/LWR measurement results. 
 
  
ACKNOWLEDGEMENTS 
My heartiest gratitude goes to my supervisors Prof. P.D. Prewett and Prof. K.C. Jiang 
who provided me with their utmost guidance throughout the duration of my Ph.D 
research project. Especially I would like to thank Prof. K.C. Jiang for his detailed 
advice on research reviews, publication of journal and conference papers and thesis 
writing. His kind attention to my research project, his valuable comments and 
suggestions on the thesis, and his arrangements for my life in the University of 
Birmingham helped me significantly in the progress of my research. 
My special thanks go to Prof. David Hukins for his time and work in reading the 
drafts of my thesis. He gave me a lot of constructive feedback, and I was always 
grateful when I got his valuable corrections and comments. His warmhearted help is 
highly appreciated. 
Last but not least, I would like to thank my family, especially my wife, for their 
supporting me not only in this research project, but also in all aspects of my life. 
  
TABLE OF CONTENTS 
Acknowledgements 
Table of Contents 
List of Figures 
List of Tables 
List of Publications 
1. Introduction 
1.1. Introduction to the Research Project 1
1.2. Aims and Objectives 3
1.3. Thesis Structure 5
1.4. Summary 8
2. A Review on Fabrication and Nanoroughness 
Characterization of Specific Nanostructures and 
Nanodevices 
2.1. Introduction 9
2.2. Challenges in Nanoroughness Metrology 10
2.3. Fabrication of Nanolinewidth and Nanopitch Specimens 12
2.4. Modeling and Visualization of Nanoroughness Metrology 17
2.5. Effects of Nanoroughness Metrology on the Properties of 
Nanostructures/ Nanodevices 23
 2.5.1. Capacitance of Thin Insulating Films 24
 2.5.2. Electrical Properties of Sub-50nm MOS Transistors 28
 2.5.3. Light Scattering in Optoelectronic Device 29
 2.5.4. Adsorption of Proteins on Surfaces 30
 2.5.5. Wettability of Surfaces 31
2.6. Uncertainty Evaluation of SEM-based Metrology 33
 2.6.1. Implementation Uncertainty of SEM-based Metrology 34
 2.6.2. Method Uncertainty of SEM-based Metrology 37
2.7. Summary 38
  
3. Characterization and Simulation of Self-affine Curves and 
3-D Rough Surfaces   
3.1. Introduction 40
3.2. Characterization and Simulation of Random Rough Curves 41
 3.2.1. Fractal Model of a Random Rough Surface 41
 3.2.2. Descriptors of 2-D Random Rough Curves 43
  3.2.2.1. Root Mean Square σ  43
  3.2.2.2. Height-height Correlation Function (HHCF) 44
  3.2.2.3. PSD 46
 3.2.3. Simulation of Self-affine Fractal Curves 47
  3.2.3.1. Simulation of Self-affine Curves 47
  3.2.3.2. Simulation of the Effect of Parameters on CD 
Variation 49
3.3. Characterization and Simulation of 3-D Rough Surfaces 51
 3.3.1. Characterization of 3-D Rough Surfaces 51
  3.3.1.1. Root Mean Square Sq 52
  3.3.1.2. Skewness Ssk 52
  3.3.1.3. Kurtosis Sku 52
  3.3.1.4. Autocovariance Function and Autocorrelation 
Function 53
  3.3.1.5. PSD 53
  3.3.1.6. HHCF 54
 3.3.2. Simulation of 3-D Rough Surfaces 54
  3.3.2.1. Simulation of a Gaussian Random Rough Surface 54
  3.3.2.2. Complicated Rough Surface 60
  3.3.2.3. Simulation of Non-Gaussian Random Rough 
Surface 61
  3.3.2.4. Simulation of a Self-affine Rough Surface 66
3.4. Summary 68
 
4. Fabrication and Nanoroughness Characterization of 
Nanolinewidth and Nanopitch Specimens 
4.1. Introduction 70
4.2. A Brief Introduction to Fabrication of Nanolinewidth and Nanopitch 
Specimens 71
4.3. MBE-based Fabrication of Nanolinewidth and Nanopitch Specimens 72
 4.3.1. Background on the MBE process 73
 4.3.2. MBE-based Design of Nanolinewidth and Nanopitch 75
  
Specimens 
 4.3.3. Material Selection for MBE-based Fabrication of 
Nanolinewidth and Nanopitch Specimens 76
 4.3.4. MBE System and Fabrication of Nanolinewidth and 
Nanopitch Specimens 77
4.4. HRTEM-based Measurement of Nanolinewidth and Nanopitch 
Specimens 79
 4.4.1. Samples Thinned and Processed Before HRTEM 
Measurement 79
 4.4.2. HRTEM Images of Fabricated Nanolinewidth and 
Nanopitch Specimens 81
4.5. Nanoroughness Metrology and Its effect on the Precision of 
Nanolinewidth and Nanopitch Specimens 82
 4.5.1. Main Steps for HRTEM Images Preprocessing 82
 4.5.2. Filtration of HRTEM Images 83
  4.5.2.1. Introduction to Image Noises 83
  4.5.2.2. Frequently-used Filters for Image Noises 
Smoothing 85
  4.5.2.3. Selection of the Filter for the Filtration of HRTEM 
Images 87
 4.5.3. Extraction of Line Edge Profiles from HRTEM Images 88
  4.5.3.1. Traditional Line Edge Detect Operators 88
  4.5.3.2. Wavelet Transform-based Multi-scale Line Edge 
Detection 90
  4.5.3.3. Lipschitz Power Discrimination of a Noise 
Singular Point 92
  4.5.3.4. Wavelet Transform-based Multiscale Line Edge 
Detection 93
 4.5.4. Fitting of the Detected Line Edges 94
 4.5.5. Characterization of Line Edge Profiles 95
  4.5.5.1. RMS σ 96
  4.5.5.2. Height-height Correlation Function(HHCF) 97
  4.5.5.3. Power Spectral Density(PSD) 98
4.6. Nanoroughness-based Process Regulation for Nanolinewidth and 
Nanopitch Specimens 99
4.7. Summary 101
 
5. Fabrication and Nanoroughness Characterization of a 
Capacitor with 2HfO  as a High k Dielectric  
5.1. Introduction 102
  
5.2. Design of the MIS Capacitor With HfO2 as High k Dielectric 103
 5.2.1. Background on a MIS capacitor 103
 5.2.2. Selection of HfO2 as High k Dielectric for the MIS capacitor 104
 5.2.3. Design of the MIS Capacitor with HfO2 as high k dielectric 106
5.3. Fabrication of the MIS Capacitor with HfO2 as the High k Dielectric 106
 5.3.1. Deposition on a Si Substrate 107
 5.3.2. Annealing Process of the Deposited HfO2                108
 5.3.3. Fabricating the MIS Capacitor With HfO2 as the Dielectric   108
5.4. Measurement and Characterization of the MIS Capacitor 110
 5.4.1. The Thickness Measurement of the HfO2 High k 110
 5.4.2. X-ray Diffraction (XRD) Analysis of the Annealed HfO2 
High k Dielectric 111
 5.4.3. The Leakage Current of the MIS Capacitor 112
 5.4.4. The C-V Property of the MIS Capacitor 114
5.5. Nanoroughness Metrology and Characterization of the MIS Capacitor  115
 5.5.1. Surface Roughness of the Deposited HfO2 Dielectric Films 116
 5.5.2. Interface Roughness at the Mo/HfO2 and HfO2/Si Interfaces 117
  5.5.2.1. Filtering of the SEM Images 118
  5.5.2.2. Extraction of the Line Edge Profiles 118
  5.5.2.3. Fitting of the Datum Lines 118
  5.5.2.4. Characterization of Interface Roughness 121
5.6. Relationships Between the Performance of the MIS Capacitor, the 
Surface/Interface Roughness and the Parameters of the Fabrication 
Process 129
5.7. Summary 132
6. Uncertainty Evaluation of Nanoroughness Measurements 
6.1. Introduction 133
6.2. Theoretical Fundamentals of Measurement Uncertainty 134
 6.2.1. Definition of Measurement Uncertainty 134
 6.2.2. Evaluation of Standard Uncertainty 135
  6.2.2.1. Type A-Evaluation of Standard Uncertainty 135
  6.2.2.2. Type B-Evaluation of Standard Uncertainty 136
 6.2.3. Combination of Measurement Uncertainties 138
  6.2.3.1. Combined Standard Uncertainty 138
  6.2.3.2. Expanded Uncertainty 139
6.3. Uncertainty Propagation Model of SEM-based Nanoroughness 
Measurement 139
 6.3.1. SEM-based Nanoroughness Measurement Process 140
 6.3.2. Preprocessing of SEM Aerial Image 140
  6.3.2.1. Noise-smoothing 140
  6.3.2.2. Extraction Operation 141
  
  6.3.2.3. Fit Operation 142
 6.3.3. Uncertainty Propagation Model of Nanoroughness 
Measurement 143
6.4. Evaluation of Uncertainties Produced by SEM Instrument 144
 6.4.1. Identification of SEM-based Uncertainty Sources 144
 6.4.2. Analysis of SEM-based Uncertainty Sources 145
  6.4.2.1. Uncertainty Produced by SEM Resolution 145
  6.4.2.2. Uncertainty Introduced by SEM Enlarged Image 
Measurement 145
  6.4.2.3. Uncertainty arising from Stability of SEM 
Magnification 146
  6.4.2.4. Uncertainty arising from Aberration of the SEM 
image 146
  6.4.2.5. Uncertainty caused by Secondary Electron 
Formation 147
  6.4.2.6. Uncertainty caused by the Variation of SEM 
Working Distance 147
  6.4.2.7. Uncertainty caused by the Calibrator 147
  6.4.2.8. Uncertainty caused by Sample Surface Tilt 147
   6.4.2.9. Uncertainty caused by Sample Deformation 148
 6.4.3. Evaluation of SEM-based Uncertainties 148
  6.4.3.1. Evaluation of Δh 148
  6.4.3.2. Evaluation of ΔA 149
  6.4.3.3. Evaluation of ΔB       149
  6.4.3.4. Calculation for the value of A 149
  6.4.3.5. Calculation for the value of B 150
  6.4.3.6. Combined Standard Uncertainty of the 
Measurement Result 150
6.5 Uncertainty Estimation for SEM Image Processing 151
 6.5.1. Estimation of the Uncertainty caused by Sampling Length 151
 6.5.2. Estimation of the Uncertainty caused by SEM Image Noise 153
 6.5.3. Estimation of the Uncertainty Produced by a Median Line of 
Least-Squares Fit 155
6.6. Case Study 157
 6.6.1. Fabrication of a Nanoscale Grating Structure 157
 6.6.2. Evaluation of Uncertainties Produced by SEM 158
  6.6.2.1. Measurement Condition 158
  6.6.2.2. Evaluation of Uncertainty Produced by SEM 158
 6.6.3. Evaluation of Uncertainty Caused by SEM Image 
Preprocessing 159
  6.6.3.1. Measurement Uncertainty uw Produced by a 
Sampling Length 159
  6.6.3.2. Measurement Uncertainty uw Produced by SEM 
Image Noise 160
  
  6.6.3.3. Measurement Uncertainty uw Produced by the 
Least-Squares Fitted Median Line 160
 6.6.4. Evaluation of Total Uncertainty for LER Measurement 161
6.7. Summary 161
7. Summary and Conclusions 
7.1. Summary 163
7.2. Conclusions 167
7.3. Future Work 169
 
 
 
List of References  172
 
 
 
 LIST OF FIGURES 
Figure 1.1   Nanoroughness study framework 2
Figure 1.2   Study flow of nanoroughness metrology 4
Figure 2.1   (a) Schematic diagram of LER, LWR and SWR. (b) Definitions of LER 
and LWR 10
Figure 2.2   Schematic diagram of frequently-used specimens 12
Figure 2.3   Schematic diagram of laser-focused atomic deposition process 13
Figure 2.4   AFM image of the fabricated specimen 13
Figure 2.5   AFM image of the fabricated grating lines. (a) Oxide lines produced on 
Si (100) substrate. (b) Grating line patterns scratched on Al substrate 14
Figure 2.6   SEM images of the respective trench and line. (a) Trench width 50nm. 
(b) Line width 25nm 15
Figure 2.7   SEM diagrams of THE fabricated nanoscale specimen. (a) Linewidths 
of the specimen. (b) Si3N4 layers were etched off by RIE process for 
100 seconds 16
Figure 2.8 Diagram of LPD process for patterns with linewidth less than 100nm 17
Figure 2.9   The generated surface with given spectral density and sampling interval 
0.01μm. (a) The 3-D rough surface. (b) Height distribution of the 
generated surface 19
Figure 2.10  The generated surface with given spectral density and sampling interval 
0.01μm. (a) Height distribution. (b) Spectral density 20
Figure 2.11  Surfaces simulated with M–W equation for different fractal dimension 
D: (a) D =1.3, (b) D=1.5 and (c) D=1.8 20
Figure 2.12  Network topology with process parameters as input layer and roughness 
parameters as output layer 21
Figure 2.13 Relationship between resistance, capacitance, 1/f noise spectral density 
and fractal dimension D 21
Figure 2.14 The simulation of a complicated rough surface. (a) A cosine surface. (b) 
A Gaussian surface. (c) A complicated rough surface. (d) The ACF 
comparison of the three rough surfaces 22
Figure 2.15 Simulation of LER effect of Cu interconnect on its performance. (a) 
Discrete random sequences as roughness amplitudes. (b) LWR effects 
on resistance R and capacitance C. (c) Other approximations of the 
measured auto-covariance function 25
Figure 2.16 Estimated impact of different LWRs on Cu interconnects for future 
technology nodes 26
Figure 2.17 Interface roughness effect on the performance of the MIS capacitor with 
HfO2 as high k dielectric. (a) C-V curves. (b) Electric fields vs leakage 27
 currents 
Figure 2.18  Nanoroughness of pure and composite thin films of the high k 
dielectrics 28
Figure 2.19  Three modes of LER influence on sub-50nm transistor performance. (a) 
The degradation of one MOSFET device. (b) The variation of several 
MOSFET devices along the gate length direction. (c) The variation of 
several MOSFET devices along the gate width direction 29
Figure 2.20  Nanoroughness effect on the light scattering in optoelectronic devices. 
(a) Light emission intensity versus the oxide roughness. (b) 
Relationship between the oxide roughness and light emission efficiency 30
Figure 2.21 Evolution of the contact diameter on nanorough surfaces with time 
scales. (a) Linear time scale. (b) Logarithmic time scale 30
Figure 2.22 Relationship between the number of cells released from the samples and 
surface roughness. (a) Roughness described by Ra (squares) and Rq 
(circles). (b) Roughness described by r (triangles) and Df (diamonds). 32
Figure 2.23 Relationships between various uncertainties of a geometric product 33
Figure 2.24 Threshold-based determination of the linewidth 34
Figure 2.25 The Edge assignment errors caused by the threshold edge criterion 34
Figure 2.26 Schematic of the model-based library (a), and the comparison of the 
width bias obtained by four methods(b) 36
Figure 2.27  (a) Simulation of the secondary electron diffusion at a silicon line. (b) 
the corresponding secondary electron image 37
Figure 2.28  The topography of the structure and its corresponding model profile 37
Figure 3.1 Diagram of the self similarity of a self-affine profile 41
Figure 3.2 HHCF curve of a line edge profile 45
Figure 3.3   PSD curve of a line edge profile 45
Figure 3.4   Simulation of a self-affine curve 48
Figure 3.5 Simulation of self-affine curves with different σ, ξ and α values 48
Figure 3.6 Histogram of the CD variations with CD values of (a) 10nm, (b) 50nm 
and (c) 500nm 49
Figure 3.7 Effect of RMS σ on CD variation 50
Figure 3.8   Effect of correlation length ξ on CD variation 50
Figure 3.9 Effect of roughness exponent α on CD variation 51
Figure 3.10 The simulated 3-D profiles of a rough isotropic surfaces with 
exponential ACFs 57
Figure 3.11 The simulated 3-D profiles of anisotropic surface with an exponential 
ACF and different ν  values 57
Figure 3.12 Comparison of exponential ACFs of isotropic and anisotropic surfaces  58
Figure 3.13  The simulated 3-D profiles of isotropic surfaces with 
cosine-exponential ACF 59
Figure 3.14 Contour maps of exponential ACFs of a rough surface 59
Figure 3.15 Contour maps of cosine-exponential ACFs of a rough surface 60
Figure 3.16 Simulated complex rough surface and the contour map of the combined 
ACFs 61
 Figure 3.17 Simulation of non-Gaussian rough surfaces with different minus 
skewness 63
Figure 3.18  Simulation of rough surfaces with different positive skewnesses 64
Figure 3.19  Simulation of rough surfaces with different kurtosises 65
Figure 3.20  Simulation of rough surfaces with different correlation lengths 66
Figure 3.21  Simulations of self-affine rough surfaces 67
Figure 4.1 Schematic diagram of MBE process 73
Figure 4.2 Diagrams of nanoscale specimens to be fabricated with MBE process 
and their materials selection 75
Figure 4.3   Diagram of the MBE system used for fabrications of nanolinewidth and 
nanopitch specimens 78
Figure 4.4   Schematic diagram of MBE system with ultrahigh vacuum chambers 78
Figure 4.5 Steps of thinning process of HRTEM samples 80
Figure 4.6   HRTEM images of fabricated specimens. (a) nanolinewidth. (b) 
nanopitch 81
Figure 4.7   Tilt correction of HRTEM images of fabricated nanoscale specimens: 
(a) nanolinewidth specimen and (b) nanopitch specimen 82
Figure 4.8 Main steps of the algorithm for detecting the line edges from a HRTEM 
image 83
Figure 4.9   Categories of line edges and corresponding line edge detection process 89
Figure 4.10 Diagram of the equivalent wavelet transform of WTξ f(x,a)    92
Figure 4.11  Diagram of the equivalent wavelet transform of WTη f(x,a)           92
Figure 4.12 Steps of the wavelet transform-based multiscale line edge detection    94
Figure 4.13 Wavelet transform-based multi-scale line edge detection for the 
nanolinewidth and nanopitch specimens 95
Figure 4.14 The HHCF of a grating line whose nominal linewidth is 4nm shown in 
Figure 4.13(b) 97
Figure 4.15 The HHCF of the left edge of the first grating line shown in Figure 
4.13(d) 97
Figure 4.16  PSD of the left line edge whose nominal linewidth is 4nm as shown in 
Figure 4.13(b) 98
Figure 4.17  PSD of the left line edge of the first grating line as shown in Figure 
4.13(d) 98
Figure 5.1   Diagram of the MIS capacitor with HfO2 as high k  dielectric 106
Figure 5.2   UHV multifunction magnetron sputtering system used to deposit the 
HfO2 dielectric 108
Figure 5.3   Fabrication flow of the electrodes of the MIS capacitor 109
Figure 5.4   The fabricated MIS capacitors 110
Figure 5.5   Δ and ψ curves of HfO2 dielectric film 110
Figure 5.6   XRD patterns of the deposited HfO2 films 112
Figure 5.7   Comparison of leakage current densities of HfO2 layers 113
Figure 5.8   Comparison of C-V properties of HfO2 films which did and did not 
undergo the annealing process 115
Figure 5.9   AFM images of HfO2 films which were not annealed and annealed at 117
 different temperatures 
Figure 5.10  SEM aerial images of the Mo/HfO2 and HfO2/Si interfaces 119
Figure 5.11 The SEM images filtered with a Gaussian filter 120
Figure 5.12 Extracted HfO2 line edge profiles 122
Figure 5.13 Extracted Mo line edge profiles 123
Figure 5.14 HHCF curves of line edges profiles (dielectric HfO2 films) 124
Figure 5.15  HHCF curves of line edges profiles (Mo films) 125
Figure 5.16 PSD curves of line edges profiles (dielectric HfO2 films)            126
Figure 5.17  PSD curves of line edges profiles (Mo films) 127
Figure 6.1   SEM-based nanoroughness measurement process 140
Figure 6.2 SEM image preprocessing for nanoroughness metrology 141
Figure 6.3 Filtration operation changes the profile and position of a line edge 142
Figure 6.4 Effects of sampling length and sampling interval on values of 
LER/LWR 142
Figure 6.5   Uncertainty propagation model of SEM-based LER/LWR measurement 143
Figure 6.6   The relationship of measured and real values of LER/LWR for different 
sampling lengths 152
Figure 6.7   Schematic diagram of how noise effects the apparent measured position 
of a real line edge 153
Figure 6.8   Schematic of median line fitted from a nanoroughness profile  155
Figure 6.9 SEM image of the fabricated nanograting 157
Figure 6.10  Diagram of the line edge profile extracted from the line edges marked 
in the red box in Figure 6.9                                    159
Figure 6.11  Schematic of height correlation function of left line edge marked in red 
box in Figure 6.9 160
Figure 6.12 Diagram of the relationship between nanoroughness and S 160
Figure 7.1   Diagram of a nanoscale multi-stepheight specimen 170
 
 
 
 
  
LIST OF TABLES 
Table 2.1 LER in lithography metrology technology requirements-long term 24
Table 2.2   LWR in lithography metrology technology requirements-long term 24
Table 4.1   Mismatching ratio between GaAs and AlGaAs 77
Table 4.2   Linewidth and RMS σ of LER/LWRs of the nanolinewidth 
specimen 96
Table 4.3   Pitch and RMS σ of LER/LWR of the nanopitch specimen 96
Table 4.4   Correlation length ξ of the line edges of the nanolinewidth 
specimen 97
Table 4.5 Correlation length ξ of the line edges of the nanopitch specimen 98
Table 4.6 Roughness exponent α of the line edges of the nanolinewidth 
specimen 99
Table 4.7 Roughness exponent α of the line edges of the nanopitch specimen 99
Table 5.1 Comparison of relevant properties for some high k  dielectrics 
and silicon oxides 105
Table 5.2 Thickness and LER/LWR of HfO2 and Mo films annealed at 
different temperatures (unit: nm) 128
Table 5.3 Calculated correlation lengths ξ (unit: nm) and roughness 
exponents α of line edge profiles of dielectric HfO2 and Mo films 128
Table 5.4   Relationships of the annealing temperature, the surface roughness 
and the leakage current densities of the deposited HfO2 dielectric 
films                        129
Table 5.5   LER/LWR (unit: nm) of HfO2 films annealed at different 
temperatures 130
Table 5.6 Correlation length ξ (unit: nm) and roughness exponent α of line 
edge profiles of HfO2 films 131
Table 6.1   Relative measurement error of LER/LWR with different sampling 
length  152
 
 
 
  
LIST OF PUBLICATIONS 
Journal 
Z.D. Jiang, F.X. Zhao, W.X. Jing, Philip D. Prewett, and Kyle Jiang. Motif 
Parameters Based Characterization of Line Edge Roughness of a Nanoscale Grating 
Structure. Key Engineering Materials. 2010. 437:45-50. 
Z.D. Jiang, X.Y. Zhou, Q. Zhu, Z.X. Zhao, H.R. Wang, Philip D. Prewett, and Kyle 
Jiang. Recent study on the related problems in evaluation of mechanical properties for 
MEMS materials. International Journal of Applied Mechanics. 2009. 1(4): p765-779. 
Z.D. Jiang, L.B. Zhao, Y.L. Zhao, Y.H. Liu, Philip D. Prewett, and Kyle Jiang. 
Oil-filled Isolated High Pressure Sensor for High Temperature Application. Key 
Engineering Materials. 2010. 437:397-401. 
Conference 
Z.D. Jiang, F.X. Zhao, W.X. Jing, Philip D. Prewett, and Kyle Jiang. Characterization 
of Line Edge Roughness and Line Width Roughness of Nano-scale Typical Structures. 
4th IEEE International Conference on Nano/Micro Engineering and Molecular 
Systems. Shenzhen, 2009. p299-303. 
Z.D. Jiang, F.X. Zhao, W.X. Jing, C.Y. Wang, Philip D. Prewett, and Kyle Jiang. 
Estimation of measurement uncertainty of LER/LWR based on the next generation 
GPS. 10th International Symposium on Measurement and Quality Control. Osaka, 
2010. p F1-154-1-4. 
Z.D. Jiang, L.B. Zhao, Y.L. Zhao, Philip D. Prewett, and Kyle Jiang. Research and 
evaluation of a high temerature pressure sensor chip. 4th IEEE International 
Conference on Nano/Micro Engineering and Molecular Systems. Shenzhen, 2009. p 
661-665. 
Chapter 1                                                                Introduction 
1 
CHAPTER 1 
INTRODUCTION 
1.1. Introduction to the Research Project 
Nanoroughness is defined as the roughness at the nanoscale of a line or a surface. It is 
becoming a very important specification for many nanostructures and nanodevices 
since it affects the performance of components based on nanostructures, such as the 
electrical performance of transistors[1.1], the capacitance of thin dielectric films[1.2], 
the light scattering in optoelectronic devices[1.3], the flow in micro/nano 
channels[1.4], and the adsorption of proteins on surfaces[1.5] and the wetability of 
surfaces[1.6]. Nanoroughness does not scale down with the dimensions of the 
nanostructures/nanodevices of interest. It alters significantly not only the physical or 
chemical properties of a material, but also the operation of corresponding 
nanostructures/nanodevices. 
Self-affine fractal surfaces and quasi-periodic surfaces are usually produced from 
various patterning processes for nanostructures and nanodevices, such as lithography, 
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etching and deposition processes[1.7]. A self-affine surface looks the same after an 
affine transformation. Nanoroughness is frequently employed to describe the 
properties of these surfaces. Nanoroughness metrology can directly connect the 
performance of a nanostructure (nonalinewidth and nanopitch specimens) or a 
nanodevice (a capacitor with 2HfO  film with a high dielectric constant) with a 
specific process, hence ensuring the quality of a product of interest[1.8]. 
The nanoroughness study framework can be generally outlined as shown in 
Figure1.1[1.7]. This framework is made up of three parts as shown below: 1) 
identifying nanostructure and nanodevice specifications (related to nanoroughness) to 
demonstrate the importance of nanoroughness for the operation of the nanostructure 
and nanodevice as well as the specifications for nanoroughness control; 2) developing 
nanoroughness metrology and characterization methods to quantify nanoroughness; 3) 
selecting material and processes to ensure the required level of roughness. 
 
Figure 1.1- Nanoroughness study framework[1.7].  
For nanoroughness characterization, two metrological approaches are usually used: 1) 
instruments such as Scanning Electron Microscopy (SEM), Atomic Force Microscopy 
(AFM), High Resolution Transmission Electron Microscopy (HRTEM), and 
Near-field Scanning Optical Microscopy (NSOM) etc. are employed to get the aerial 
Nanostructure/nanodevice specification 
(related with nanoroughness ) 
Material and process 
development 
Nanoroughness metrology and 
characterization 
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images of features of interest[1.9]; 2) mathematical tools from scaling theory are used 
to characterize the dimensional or geometrical features, such as the root-mean-square 
(RMS) σ , the height-height correlation function (HHCF) and the power spectral 
density (PSD), etc[1.7], as describe in Section 3.2.2. Usually a three parameter model 
is enough for the description of self-affine edges, which includes the RMS value σ , 
the correlation length ξ  and the roughness exponent α [1.7]. In some cases, 
especially for the characterization of 3-D surfaces, these three parameters are not 
sufficient to describe the features of interest[1.10]. New parameters and algorithms 
are required to describe the detailed characteristics of the features in order that more 
accurate metrology information could be fed back to nanostructures and nanodevices 
modeling as well as to material selection and process control. 
This research project is part of an ongoing cooperative project between the University 
of Birmingham and Xi’an Jiaotong University (PR China) financially supported by 
the National Nature Science Foundation of China. The title of the project is 
‘Traceability and metrology in nanomanufacturing’. 
1.2. Aims and Objectives 
The aims of the research project are to establish the relationship between the 
performance of nanostructures and nanodevices and roughness resulting from specific 
processes, and eventually to put forward a standard proposal for Standardization 
Administration of the People’s Republic of China/Technical Committee 336 
(SAC/TC336). The specific samples and device for test fabrication are nanolinewidth 
and nanopitch of less than 10 nm, and a metal-insulator-semiconductor (MIS) 
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structure with a HfO2 film as a high k dielectric material. 
 
Figure 1.2- Study flow of nanoroughness metrology. 
Nanoroughness metrology and its effect on the nanostructure/nanodevice performance 
is a mulit-disciplinary subject. Specification of nanostructure/nanodevice, 
nanoroughness metrology and characterization, material selection and process control, 
as well as measurement uncertainty estimation, all play a critical role in 
nanoroughness effect on nanostructure/nanodevice performance. Figure 1.2 illustrates 
the areas of importance relating to nanoroughness metrology and its effect on 
nanostructure/nanodevice performance. Under each of the areas, several issues have 
been identified. Also issues in one area can have relationships with other areas. 
Specifications of nanostructure/nanodevice, material selection and process control, 
nanoroughness metrology and characterization as well as the measurement 
Specifications of nanostructure/nanodevice 
 (including nanoroughness characteristic) 
Material and process development 
Nanoroughness metrology and characterization 
Uncertainties estimation 
Functionalities of nanostructure/nanodevice  
Passed nanostructure/nanodevice 
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uncertainty estimation, which are the foci of this project, are highlighted in red in 
Figure 1.2. 
To achieve the project aims above, project objectives are set out as follows: 
1) Review the current development of nanoroughness metrology and the effects 
of nanoroughness on specific nanostructure/nanodevice performance. 
2) Simulate and visualize the effect of the characteristic descriptors on the 
properties of given random rough curves and surfaces. 
3) Employ molecular beam epitaxy (MBE) technique to fabricate nanolinewidth  
and nanopitch specimens with both the nominal linewidth and nominal pitch less than 
10nm. 
4) Fabricate MIS capacitors with 2HfO  film as the high k dielectric, and 
dielectric thickness of about 60nm. 
5) Perform nanoroughness characterization and electrical testing for 
nanolinewidth/nanopitch specimens as well as the MIS capacitors, and regulate 
specific process parameters in term of the nanoroughness metrology and 
characterization. 
6) Conduct uncertainty estimation for SEM-based roughness metrology. 
1.3. Thesis Structure 
This thesis consists of seven chapters. Chapter 1 introduces the topic of 
nanoroughness metrology and its effect on the performance of the nanostructures and 
the nanodevice covered by this thesis. It identifies the increasing effects of 
nanoroughness metrology and characterization on the performance of various 
Chapter 1                                                                Introduction 
6 
nanostructures and nanodevices. The project’s aim and objectives are set out in this 
chapter. 
Chapter 2 reviews the current research progress on nanoroughness metrology and its 
effects on the performance of various nanostructures and nanodevices. It first analyzes 
the challenges in nanoroughness metrology, including nanoroughness measurement 
and characterization. This is followed by the effects of nanoroughness on properties of 
various nanostructures/nanodevices, including nanoscale reference specimens, the 
capacitance of thin dielectric films, the electrical properties of sub-50nm 
metal-oxide-semiconductor transistor etc. Finally it proceeds to measurement 
uncertainty estimation for nanoroughness metrology, involving uncertainty estimation 
for the instruments employed and nanoroughness metrology operations. 
Chapter 3 discusses the characterization and simulation of self-affine curves and 3-D 
rough surfaces. The chapter starts with the characterization and simulation of 
self-affine curves, including characterization parameters and the simulation of the 
effect of these parameters on the variation of the critical dimension. This is followed 
by the characterization and simulation of 3-D rough surfaces, including the simulation 
of Gaussian, non-Gaussian, complicated and self-affine random rough surfaces. This 
chapter presents detailed descriptors and algorithms for the nanoroughness 
characterization in the following chapters. 
Chapter 4 presents the MBE-based fabrication and characterization of nanolinewidth 
and nanopitch specimens. The detailed design and fabrication processes for the above 
mentioned specimens are presented, including the selection of materials for the 
Chapter 1                                                                Introduction 
7 
specimens and the identification of the process parameters. Then HRTEM-based line 
edge roughness (LER) and line width roughness (LWR) of the fabricated specimens 
are discussed and characterized. Taking characterization of LER and LWR into 
consideration, this chapter finally proceeds to describe regulating specific process 
parameters in order to improve the quality of the above mentioned specimens. 
Chapter 5 investigates nanoroughness metrology and its effects on the properties of 
the MIS capacitor with 2HfO  films as the high k dielectric. It first presents the 
design and the process flow for the capacitor in detail. Then it proceeds to the 
electrical performance measurement and the interface/surface roughness 
characterization for the capacitor. This is followed by the effect of interface/surface 
roughness on electrical performance. Finally it covers the regulation of specific 
process parameters for the fabrication of the MIS capacitor, from a consideration of 
the characterization of interface/surface roughness. 
Chapter 6 deals with the measurement uncertainty estimation for nanoroughness 
measurement. The chapter first presents theoretical fundamentals of measurement 
uncertainty. This is followed by the uncertainty propagation model for SEM-based 
nanoroughness measurement, including the preprocessing of SEM aerial images. For 
preprocessing, three operations are investigated in detail; these are filtering, extraction 
and fitting. Then this chapter proceeds to the evaluation of uncertainties produced by 
SEM. This is followed by the uncertainty estimation for SEM image processing. 
Finally this chapter presents a case study, showing the detailed uncertainty estimation 
flow for SEM-based nanoroughness measurement. 
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Conclusions on nanoroughness metrology and its effect on nanostructure/nanodevice 
performance are presented in Chapter 7 where the main findings obtained from this 
study are summarized. Some possible future work is also suggested. 
1.4. Summary 
This introductory chapter describes the need for a systematic approach to 
nanoroughness metrology and its effect on the performance of the nanostructures 
(nanolinewidth and nanopitch specimens) and a nanodevice (an MIS capacitor with a 
2HfO  film as the high k dielectric). The research, its aims and objectives and an 
introduction to the structure of this thesis have been described. Although the main 
motivation of this research is to perform nanoroughness metrology and 
characterization for the nanolinewidth and nanopitch specimens (with the normal 
linewidth and the normal pitch both less than 10nm) as well as the MIS capacitor 
(with 60nm 2HfO  film as the high k dielectric), the nanoroughness metrology and 
characterization, the relationships between performance of nanostrutures/nanodevices 
and relevant process control, and measurement uncertainty estimation all have the 
opportunity to open up new applications in other fields of nanotechnology. 
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CHAPTER 2 
A REVIEW ON FABRICATION AND 
NANOROUGHNESS CHARACTERIZATION OF 
SPECIFIC NANOSTRUCTURES AND NANODEVICES 
2.1. Introduction 
This chapter presents a review on the background relating to the research work. The 
proposed research is planned to be carried out on the basis of the existing technology 
and to develop it further. 
The review starts with challenges in nanoroughness metrology. Then it proceeds to the 
fabrication of nanolinewidth and nanopitch specimens. The survey also examines 
nanoroughness modeling and visualization. Recent research progress on the effects of 
nanoroughness on the properties of specified nanostructures/nanodevices is covered in 
detail. The uncertainty evaluation for SEM-based metrology for CD and 
nanoroughness will be discussed. Examples from each category will be investigated, 
particularly in the field of nanoroughness metrology. Attention is paid to the 
regulation of the fabrication process according to relevant nanoroughness 
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characterization by other researchers. 
2.2. Challenges in Nanoroughness Metrology 
As mentioned in Chapter 1, nanoroughness is regarded as a critical specification for 
various nanostructures and nanodevices[2.1]. It influences strongly not only the 
electrical, mechanical, magnetic, optical and fluidic performances of nanostructures 
and nanodevices, but also the relevant fabrication optimization and material 
selection[2.2-2.7]. Nanoroughness metrology is being investigated in various 
disciplines and for many engineering applications[2.8-2.10]. 
 
(a) (b) 
Figure 2.1 – (a) Schematic diagram of LER, LWR and SWR[2.11]. (b) Definitions of LER and 
LWR[2.13]. 
Five kinds of nanoroughness are investigated in the nanotechnology community; they 
are line edge roughness (LER), line width roughness (LWR), sidewall roughness 
(SWR), interface roughness and surface roughness.[2.11, 2.12]. LER refers to the 
root-mean-square (RMS) deviation of a line edge coordinates, while LWR is defined 
as the corresponding RMS deviation of a line width[2.13]. Figure 2.1 shows a 
schematic diagram of the above mentioned roughnesses[2.11] as well as the 
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definitions of LER and LWR[2.13]. 
Challenges in nanoroughness metrology mainly come from three aspects: developing 
instruments for nanoroughness measurement, characterizing relevant nanoroughness, 
and establishing the relationships between nanodevice performances, nanoroughness 
and the corresponding quality control of the fabrication process[2.14, 2.1]. 
For the development of instruments for nanoroughness metrology, one major issue is 
to fabricate corresponding standard nanoscale specimens for calibration and 
traceability; the other is to evaluate the measurement uncertainty for the specific 
instrument[2.15, 2.16]. Challenges in nanoscale specimen fabrication include material 
selection and introduction of new fabrication techniques to produce specimens with 
less critical dimensions and high accuracy. Research in this area is reviewed in 
Section 2.3. SEM is a widely-used instrument in the nanometrology community. 
Evaluation of SEM measurement uncertainty plays an important role in the process of 
increasing measurement accuracy[2.17, 2.18]. Issues to evaluate SEM-based method 
uncertainty and implementation uncertainty are investigated widely by different 
research groups. The challenges in this area are covered in Section 2.6. 
In regard to nanoroughness metrology, issues of research interest include 
characterization, simulation and visualization of various random surfaces and curves 
produced by fabrication processes[2.19-2.21]. Challenges in this area include 
selection of descriptors, the effect of a specific descriptor on the properties of a 
random surface or curve, and the regulation of the fabrication process based on 
nanoroughness characterization. They are discussed in Section 2.4. 
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Nanoroughness effects on the properties of nanostructures and nanodevices were 
investigated by a wide variety of research groups from multiple academic 
disciplines[2.22-2.24]. The main challenge is to establish the relationship between 
nanoroughness and the specific property of nanostructures/nanodevices of interest. 
This is covered in Section 2.5. 
2.3. Fabrication of Nanolinewidth and Nanopitch Specimens 
Nanoscale specimens are frequently employed to help measure specific nanoscale 
parameters and to calibrate various nanoscale instruments, such as scanning 
tunnelling microscopy (STM), AFM, SEM, TEM and NSOM, etc[2.14]. For a certain 
measurand, the specimen provides a datum for comparisons of measurement results 
not only between different measurement instruments, but also between different 
measurement positions for the same instrument[2.14]. Fabricating relevant nanoscale 
specimens is one important aspect of nanometrology[2.25]. The size features of 
different specimens include linewidth, pitch, step height, slope. Figure 2.2 shows 
schematic diagrams of frequently-used specimens in nanometrology [2.26]. 
 
Figure 2.2 – Schematic diagram of frequently-used specimens[2.26]. 
Fabricating different nanoscale specimens involves many challenges from the 
micro/nano-manufacturing area. The fabrication of specimens is becoming more and 
more dependent on very specialist processes using a wide range of very expensive 
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facilities[2.25]. Various fabrication processes were proposed by different research 
groups and corporations for supplying different specimens for nanometrology. These 
processes and the corresponding specimens are summarized below. 
McClelland et al[2.27] at National Institute of Standards and Technology proposed 
laser-focused atomic deposition to fabricate nanoscale pitch standard specimens. The 
laser light (wavelength around 300nm) was stabilized at the frequency near a strong 
optical absorption line in chromium atom. Through the standing wave of the laser 
light (as an array of ‘lenses’ for Cr atoms) the atoms were evaporated onto a sapphire 
substrate, and the average pitch is nominally half the laser wavelength (see Figure 
2.3). A pitch specimen of 212.7787nm with a combined standard uncertainty of 
0.0049nm was fabricated shown in Figure 2.4. According to the fabrication principle, 
the unique characteristic of this technique is that the average pitch can be traced 
directly to an atomic transition frequency. 
Figure 2.3 – Schematic diagram of laser-focused 
atomic deposition process[2.27]. 
Figure 2.4 – AFM image of the fabricated 
specimen[2.27]. 
AFM tip-induced anodic oxidation on a Si(100) substrate was employed to fabricate a 
nanopitch pattern with a nominal pitch of 95nm[2.28]. The oxidation of the Si 
substrate is an electrochemical process[2.29, 2.30] and is induced by the electric field 
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of the conducting AFM tip. The ultimate oxide thickness that can be grown is limited 
by dielectric breakdown events. The lateral resolution of the process is primarily 
determined by a condensed film of water that forms near its apex. Figure 2.5(a) shows 
the fabricated nanopitch pattern with a pitch of 96nm. 
(a) (b) 
Figure 2.5 – AFM image of the fabricated grating lines. (a) Oxide lines produced on Si (100) 
substrate[2.28]. (b) Grating line patterns scratched on Al  substrate [2.31]. 
The AFM tip scribing technique was also used to fabricate similar nanopatterns on an 
Al  substrate [2.31, 2.32]. With an AFM in the scribing mode and a force applied on 
the AFM cantilever, an Al  film deposited by an RF sputtering system was scratched 
by the tip at the end of the cantilever and formed a fine groove. The rectangular 
cantilever with higher stiffness for scribing was made of stainless steel coated with 
platinum, and the diamond tip at the end of the cantilever was a pyramid with an apex 
angle of60° and tip radius of about 15nm. For the groove measurement with the same 
AFM, a cantilever with a lower stiffness was used, and its tip was made of 3 4Si N . 
Figure 2.5(b) demonstrates the scratched grating line pattern. The minimum groove 
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width of the fabricated pattern was less than 50nm. 
The significant advantage of AFM-based techniques is that the fabrication and the 
traceability of the fabricated pitch can be integrated in one system on condition that 
two laser interferometers are placed in the x  and y  directions [2.33]. 
Tortonese et al[2.34] at VLSI Standard Inc. presented another way to produced 
sub-50nm isolated trench and line width specimens. The method is based on an idea 
regarding the specific layer thickness of a deposited multilayer structure as the 
nominal linewidth of the desired specimen. After growing an oxide layer, by thermal 
oxidation on two silicon wafers, and bonding them together, the structure was put into 
a buffer oxide etch solution, etching back the oxide layer to a desired length and 
producing an isolated trench, see Figure 2.6(a). For line width specimen in Figure 
2.6(b), both the silicon and silicon oxide layers were deposited on a silicon wafer 
alternately. After the subsequent processes including silicon oxide etching in the 
buffer oxide etch solution, the silicon line protruded out, forming the linewidth 
specimen. 
  
(a) (b) 
Figure 2.6 – SEM images of the respective trench and line. (a) Trench width 50nm. (b) Line 
width 25nm[2.34]. 
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(a) (b) 
Figure 2.7 – SEM diagrams of THE fabricated nanoscale specimen[2.35]. (a) Linewidths of the 
specimen. (b) Si3N4 layers were etched off by RIE process for 100 seconds. 
A similar method is described in the literature[2.35] in which chrome and silicon 
nitride layers were deposited on a Si substrate by radio frequency (RF) magnetron 
sputtering  followed by low-temperature plasma enhanced chemical vapor deposition 
(PECVD), as shown in Figure 2.7(a). Figure 2.7(b) demonstrates the chrome 
linewidth pattern with the silicon nitride partially etched off by reactive ion 
etching(RIE). 
The advantage of this method is the high uniformity of the fabricated lines and 
trenches which arises from the application of thin film deposition technologies. 
The Lateral Pattern Definition (LPD) process was employed to fabricate specimens 
with precisely-controlled nanoscale width [2.36]. Figure 2.8 shows the fabrication 
process for LPD. First Si3N4 (23nm-49nm) was deposited on a <110> Si wafer (see 
Figure 2.8(a)), and standard optical lithography was used to produce Si3N4/Si steps 
shown in Figure 2.8(b). Then the wafer was thermally oxidized at a temperature range 
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of 800-950o, see Figure 2.8(c). Later the Si3N4 layer was etched off selectively (Figure 
2.8(d)). Finally Si was etched by a high selective plasma process, resulting in the 
desired line pattern with linewidth below 100nm (see Figure 2.8(e)). The advantages 
of this process include its low cost and ease of fabrication for line patterns less than 
100nm. 
 
  
Figure 2.8 – Diagram of LPD process for patterns with linewidth less than 100nm[2.36]. 
From the above review it can be concluded that the main disadvantage of these 
techniques is the difficulty of fabricating nanoscale specimens with nominal linewidth 
less than 10nm. Other techniques and materials should be employed and investigated. 
MBE is a technique for epitaxial growth by the interaction of one or several molecular 
or atomic beams at the surface of a heated crystalline substrate[2.37]. It can deposit 
layers of materials with atomic thicknesses onto the substrate, hence it is a potential 
candidate to fabricate specimens with linewidth less than 10nm. The MBE technique 
will be introduced and investigated to fabricate nanoscale linewidth and pitch 
specimens later in this thesis. 
2.4. Modeling and Visualization of Nanoroughness Metrology 
Patterning processes usually produce self-affine fractal and quasi-periodic surfaces, 
and these random rough surfaces demonstrate either Gaussian, non-Gaussian, fractal, 
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or complicated properties[2.1, 2.38]. Compared with experimental investigation, 
modelling and visualization of these random rough surfaces are more flexible, and can 
create reference data and decrease relevant investigation cost and time[2.39]. In order 
to describe these surfaces and analyze relevant properties, scaling theory is used, 
assisted by simulation and visualization. 
In order to simulate rough random surfaces for specific applications, many algorithms 
have been employed[2.40]. In 1972 a multivariate-multidimensional random process 
with a given spectral density was proposed to synthesize a rough surface[2.41]. In 
1978 a linear transformation on random matrices was used to generate a matrix of 
rough amplitudes with a given autocorrelation function (ACF) matrix, while time 
series and Fast Fourier Transform (FFT) were widely employed also[2.42]. In 1982 
auto-regressive (AR) and moving average methods were used to generate rough 
surfaces[2.43, 2.44]. In 1991 FFT, auto-regressive and moving average were 
used[2.45]. In 1992 finite impulse response filters were employed[2.46]. In 1995 FFT 
was used to produce a one-dimensional fractal profile[2.47]. Specific simulation 
process should be carefully selected in order to meet the requirements of the desired 
engineering surfaces. 
Gaussian random surfaces can be synthesized with given spectral density or ACF in 
more than two directions[2.40]. Figure 2.9(a) shows the generated 50×50-point 
surface with a given spectral density and sampling interval 0.01μm[2.40]. Figure 
2.9(b) shows the height distribution for the simulated surface, which has a Gaussian 
distribution[2.40]. In the case of only one surface being simulated, this method can 
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guarantee the profile of the surface has the correct ACF, but for several profiles being 
simulated, it cannot, although the average ACF of the profiles is very close that 
required. 
 
(a) (b) 
Figure 2.9 – The generated surface with given spectral density and sampling interval 0.01μm. (a) The 3-D 
rough surface. (b) Height distribution of the generated surface[2.40]. 
In the literature[2.48] non-Gaussian surfaces with given skewness, kurtosis and 
spectral density or ACF were generated by FFT. From the given spectral density or 
auto-correlation function the amplitude of the surface was generated, while the phase 
of the surface was obtained by the Johnson translator system. Figure 2.10(a) and (b) 
show the height distribution and the spectral density of the generated surface. The 
standard deviation, skewness and kurtosis of the target profile are 1nm, -0.5 and 5.0, 
while that of the generated one are 0.9746nm, -0.5 and 5.0. Good agreement between 
two profiles was found, showing the simulation validity. 
Figure 2.11 shows the simulation and visualization of random rough surfaces with the 
fractal model[2.49]. The Mabdelbrot-Weierstrass (W-M) equation with different 
fractal dimensions D  and randomly-generated phase Φ  was used to visualize the 
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simulated surfaces. The simulation shows that the surface roughness in the fractal 
model was scale-independent and could be described by fractal dimension D , one of 
the major advantages of the fractal modelling. 
  
(a) (b) 
Figure 2.10 – The generated surface with given spectral density and sampling interval 0.01μm [2.48]. (a) 
Height distribution. (b) Spectral density. 
 
 
Figure 2.11 – Surfaces simulated with M–W equation for different fractal dimension D: (a) D 
=1.3, (b) D=1.5 and (c) D=1.8[2.49]. 
In order to establish the relationship between process parameters and roughness 
parameters, the back propagation algorithm along with the gradient descent learning 
procedure in artificial neural networks was employed[2.50]. Figure 2.12 demonstrates 
the detailed network topology [2.50]. The network trained with experimental data can 
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predict corresponding roughness for specific process parameters, thus establishing the 
relationship between specific fabrication process and relevant roughness parameters. 
Figure 2.12 – Network topology with process 
parameters as input layer and roughness parameters 
as output layer[2.50]. 
Figure 2.13 – Relationship between resistance, 
capacitance, 1/f noise spectral density and fractal 
dimension D[2.50]. 
Figure 2.13 exhibits the relationship between the capacitance of an interconnect 
capacitor and the fractal dimension D  of one rough plate of the capacitor, while the 
other plate is supposed to be perfectly smooth [2.50]. It can be seen that the 
capacitance increased as the fractal dimension D  became larger. Figure 2.13 
demonstrates the simulated effect of roughness on the resistance of thin films. It was 
concluded that low values of the fractal dimension had less effect on the capacitance, 
while the roughness effect on the capacitance of the thinner films were more 
significant than that on thick ones. 
The relationship between 1/f noise and corresponding surface roughness of the Cu 
film is also demonstrated in Figure 2.11. Lorentzian spectra were used to simulate the 
noise, in which the calculation of the spectral density was based on the electron 
tunneling between hillocks on the rough surface, introducing the process parameters 
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into the model. The larger the fractal dimension, the larger the noise. 
  
(a) (b) 
 
(c) (d) 
Figure 2.14 – The simulation of a complicated rough surface[2.52]. (a) A cosine surface. (b) A 
Gaussian surface. (c) A complicated rough surface. (d) The ACF comparison of the three rough 
surfaces. 
Only a few reports have been traced on simulation of complicated random rough 
surfaces. Wold [2.51] proposed that any discrete stationary process could be described 
as the sum of two processes which are totally uncorrelated, one is a deterministic 
process, the other is non-deterministic. According to this theory, engineering surfaces 
were also regarded as the sum of two or more Gaussian surfaces, hence a complicated 
random rough surface could be simulated by the combination of a periodic surface 
and a Gaussian surface[2.52]. Figure 2.14 shows the surface components and the 
combined complicated rough surface. The ACF of the simulated complicated surface 
demonstrated not only the periodic component, but also an exponential one (also the 
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property of ACF of a Gaussian rough surface). Much work has still to be conducted in 
this area. 
From the above review one can conclude that several algorithms were employed to 
generate 3-D random rough surfaces, such as the W-M function, ACF, PSD, 
auto-regression and multivariate-multidimensional random process, etc., while Monte 
Carlo simulation and the convolution method are frequently used to produce random 
sequences with given properties. Although these algorithms had been employed 
already by different research groups, in each of their publications only one or two 
properties of 3-D rough surfaces were investigated. Random rough surfaces with 
different properties remain to be systematically investigated and visualized. 
2.5. Effects of Nanoroughness Metrology on the Properties of 
Nanostructures/ Nanodevices 
Nanoroughness impacts on the performance of a wide range of nanostructures and 
nanodevices. One example is from the semiconductor industry. The International 
Technology Roadmap for Semiconductors (ITRS) is a set of documents produced by a 
group of semiconductor industry experts every few years. These experts are 
representatives of the sponsoring organizations which include the Semiconductor 
Industry Associations of the US, Europe, Japan, Korea and Taiwan. In 2001 LER was 
introduced in the edition of the ITRS Metrology 2001[2.53]. Table 2.1 shows the LER 
requirements for different technology nodes[2.53]. In ITRS Metrology 2003, LWR 
replaced LER and was introduced to analyze an increase in transistor leakage current 
(see Table 2.2) [2.54]. ITRS Metrology 2003 also pointed out that although CD-SEM 
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and lithography process simulation systems had software to determine LER, there was 
no standard method to evaluate LER, demonstrating standardized assessment of LER 
and LWR according to the roadmap requirements was not possible. 
Table 2.1 – LER in lithography metrology technology requirements-long term[2.53]. 
Year of Production 2001 2003 2004 2007 2010 2013 2016 
DRAM ½ Pitch (nm) 130 100 90 65 45 32 22 
LER (nm, 3σ) 4.5 3.3 2.7 1.8 1.3 0.9 0.65 
 
Table 2.2 – LWR in lithography metrology technology requirements-long term[2.54]. 
Year of Production 2010 2012 2013 2015 2016 2018
DRAM ½ Pitch (nm) 45 35 32 25 22 18 
LWR (nm, 3σ) 1.4 1.1 1.0 0.8 0.7 0.6 
 
2.5.1. Capacitance of Thin Insulating Films 
LER significantly affects not only the capacitance of thin insulating films, but also 
interconnects, with cross-sectional dimensions below 100nm, of CMOS 
transistors[2.55]. Artificial periodic square-shaped LER in the meander-fork structure 
of the narrow Cu wire was introduced to investigate its effect. This method 
demonstrated two disadvantages, one is that the artificial LER is far from being 
stochastic, the other is that the measurement methodology is indirect[2.55]. To 
overcome these drawbacks, a discrete random sequence of roughness amplitudes was 
used to simulate the LER, which was obtained by the inverse Fourier transform of 
Gaussian or exponential approximations of the measured auto-covariance function(see 
Figure 2.15(a)). This sequence was regarded as a relevant roughness and 
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superimposed on an ideal interconnect architecture model with no LER, and wire 
capacitance and resistance were eventually extracted(see Figure 2.15(b)). Figure 
2.15(c) demonstrates other frequently used approximations to the measured 
auto-covariance function. The simulations concluded that the higher the roughness 
amplitudes and the smaller the correlation lengths, the larger the capacitance C. A 
similar behavior was observed for resistance R. 
 
 
(a) (b) 
 
(c) 
Figure 2.15 – Simulation of LER effect of Cu interconnect on its performance[2.55]. (a) Discrete random 
sequences as roughness amplitudes. (b) LWR effects on resistance R and capacitance C. (c) Other 
approximations of the measured auto-covariance function. 
The ITRS roadmap 2005 has employed the above mentioned simulation methodology 
with the exponential approximation of LER for scaling the interconnect dimensions. 
Figure 2.16 shows the simulations of LER for the resistance and capacitance of the 
meander-fork Cu interconnect for future technology nodes[2.55]. In Figure 2.16(a), 
the correlation length and 3 LWRσ  of the LWR were set as 20nm and 6nm respectively. 
Also in Figure 2.16(b), the correlation length was set as 20nm, and 3 LWRσ  was scaled 
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as predicted by the ITRS roadmap. 
  
(a) (b) 
Figure 2.16 – Estimated impact of different LWRs on Cu interconnects for future technology nodes[2.55]. 
The y-axis percentage means the growth rates of resistance R, capacitance C and time constant RC 
respectively. 
2SiO  is frequently employed as a dielectric material for a MIS capacitor adopted in 
semiconductor devices. With continuous shrinkage of semiconductor devices, the 
equivalent oxide thickness ( EOT ) of the 2SiO  film has to be very thin, resulting in 
large leakage current and worsening the stability and reliability of relevant 
devices[2.56]. In order to overcome this drawback, high k  dielectrics are introduced 
to replace 2SiO . Due to its high dielectric constant and thermal stability when in its 
amorphous structure, 2HfO  is a promising candidate for the next-generation of 
MOSFET devices [2.57-2.59]. Influential factors which affect the performance of the 
MIS capacitor with 2HfO  as a high k dielectric include the morphology and the grain 
structure quality of the deposited 2HfO  film, and they are highly correlated 
micro-structural observables[2.60]. In the literature, an MIS capacitor was made up of 
the upper and lower electrodes(ruthenium and p type Si respectively) as well as 2HfO  
film. The Ru electrodes were deposited by atomic laser deposition(ALD) and physical 
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vapor deposition(PVD). AFM was employed to characterize the surface morphologies 
of Ru thin films. Figure 2.17(a) and (b) show the curves of the capacitance versus 
voltage and the electric field versus leakage current for the MIS capacitors[2.60]. It 
was concluded that different fabrication processes produced different surface 
morphologies, and an increase in the interface roughness resulted in a decrease in the 
dielectric constant and an increase in the leakage current. 
  
(a) (b) 
Figure 2.17 – Interface roughness effect on the performance of the MIS capacitor with HfO2 as high k 
dielectric[2.60]. (a) C-V curves. (b) Electric fields vs leakage currents. 
Mixed thin films of high k dielectric materials and silica were employed to produce 
high quality dielectric films for the MIS capacitor[2.61]. The promising composites 
are hafnia–silica (HfO2:SiO2) and zirconia–silica (ZrO2:SiO2) systems. The 
morphologies of the mixed thin films were measured by an AFM. RMS roughness, 
power spectral density, height-height correlation and autocorrelation analysis were 
employed to characterize the surface morphologies, and to further investigate their 
evolution. 
Figure 2.18 demonstrates the characterization of the surface morphologies[2.61]. It is 
concluded that the addition of silica in the composite hafnia films resulted in 
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appreciable morphological and grain structure transformations, especially at lower 
silica contents. That is, the hafnia–silica composite films exhibited a more favourable 
morphological evolution compared with the zirconia–silica thin film samples. 
(a) (b) 
Figure 2.18 – Nanoroughness of pure and composite thin films of the high k dielectrics [2.61]. 
 
2.5.2. Electrical Properties of Sub-50nm MOS Transistors 
The LER of the gate line of the sub-50nm MOSFET device impacts significantly on 
its performance. The effect falls into two categories, one is performance 
degradation(see Figure 2.19(a)), the other is performance variation(see Figure 2.19(b)) 
[2.62]. For the degradation of a MOSFET device, the LER of the gate line may result 
in larger leakage current, degrading the device performance. With regard to the 
performance variation of several devices, the LER of the gate lines may cause 
performance fluctuation. Also the width variation (another kind of LER) may make its 
own contribution to performance fluctuation(see Figure 2.19(c)) [2.62]. 
Here gW  denotes the width of a MOSFET device, gL  denotes its length, gV  is the 
voltage applied to the gate of the device and dI  is the drain current. The 
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characterization process for the above mentioned LERs can be summarized as follows: 
SEM images of the device were obtained; then the images were noise-smoothened 
and the line edge profiles were extracted with corresponding algorithms; finally RMS 
σ  and CD  were used to evaluate relevant roughness, and the LER effect on the 
device performance was estimated, including the degradation and variation. 
 
 
(a) (b) (c) 
Figure 2.19 – Three modes of LER influence on sub-50nm transistor performance[2.62]. (a) The 
degradation of one MOSFET device. (b) The variation of several MOSFET devices along the gate 
length direction. (c) The variation of several MOSFET devices along the gate width direction. 
 
2.5.3. Light Scattering in Optoelectronic Devices 
One kind of silicon light emitting device is based on the MOS device structure. As for 
the Si-substrate based device, additional momentum is required for the light emission 
process [2.63]. The rough oxide scattering is one way to provide this additional 
momentum for the radioactive electron-hole recombination, hence requiring an 
increase of the interface roughness at the oxide/Si interface[2.63]. 
In this work [2.63] a very high vacuum pre-bake before rapid thermal oxidation was 
used to increase the oxide roughness. With the oxide roughness increased, the light 
emission intensity and the emission efficiency of the device increased also. Figure 
2.20 demonstrates these detailed relationships[2.63]. Here the oxide thickness was 
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measured by ellipsometry, the roughness by an AFM, and RMS σ  was employed to 
descript the roughness. 
(a) (b) 
Figure 2.20 – Nanoroughness effect on the light scattering in optoelectronic devices[2.63]. (a) Light 
emission intensity versus the oxide roughness. (b) Relationship between the oxide roughness and light 
emission efficiency. 
 
2.5.4. Adsorption of Proteins on Surfaces 
Biocompatibility means the chemical and structural compatibility of a material 
integrated in the desired biological environment. Recent studies have recognized the 
importance of not only the chemical compatibility, but also surface topography [2.64]. 
 
(a) (b) 
Figure 2.21 – Evolution of the contact diameter on rough surfaces with time scales[2.64]. (a) Linear 
time scale. (b) Logarithmic time scale. 
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In the literature [2.64] ultrahigh vacuum chemical vapor deposition was used to grow 
well-defined germanium nanopyramids naturally on a Si(001) substrate. The density 
of the nanopyramids was precisely controlled by the growth conditions. Then the 
silicon substrate with the Ge nanopyramids was exposed to air so that the sample was 
oxidized. The ratio of the effective surface to the projected one (that is, roughness 
factor) was used to characterize the surface roughness with high precision (also the 
effective surface). Bovine γ-globumin(BGG) with sizes comparable to the 
nanopyramids was labelled with fluorescein isothiocyanate, and fluorescence 
spectroscopy was employed to obtain the quantity of BGG adsorbed on substrates 
with different densities of the nanopyramids. Figure 2.21(a) shows the AFM image of 
a fabricated substrate. Figure 2.21(b) demonstrates the protein adsorption of BGG vs 
roughness factor. From Figure 2.21(b) one can conclude that the amount of adsorbed 
BGG was more than a factor of 2 higher on the rough than on the flat substrate, 
although the effective surface only increases by 7%. 
2.5.5. Wettability of Surfaces 
Nanoroughness also affects the dynamics of wetting and de-wetting of solid surfaces. 
In the literature[2.65] single-side polished silicon wafers were processed to create a 
thin, hydrated silicon dioxide layer that was highly hydrophilic, and used as a 
substrate on which to culture osteoblasts. Surface roughness was measured by an 
AFM in tapping mode with a Si3N4 V-shaped cantilever, and characterized using the 
parameters such as the arithmetic average roughness( aR ), the root mean square 
roughness( qR ), the roughness surface ratio( r ) and the fractal dimension ( fD ) of the 
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surface. 
Figure 2.22(a) demonstrates the relationship between surface roughness and cell 
proliferation. It was concluded that the number of cells increased with aR , while qR  
and the roughness surface ratio r  gave a saturation value for cell proliferation[2.65]. 
Figure 2.22(b) shows the relationship between surface roughness characterized by the 
fractal dimension fD  and cell proliferation [2.65]. The cell proliferation increased 
with fD , and no saturation was found in the curve. 
(a) (b) 
Figure 2.22 – Relationship between the number of cells released from the samples and surface 
roughness[2.65]. (a) Roughness described by Ra (squares) and Rq (circles). (b) Roughness described by 
the roughness surface ratio r (triangles) and Df (diamonds). 
The review above shows that nanoroughness impacts the performances of a wide 
variety of nanostructures and nanodevices. In the literature only one or two 
descriptors of relevant nanoroughness was (or were) frequently used by different 
groups. The detailed properties of relevant nanoroughness were not characterized. In 
order to establish an accurate relationship between performance and the process used 
to make a specific nanostructure or nanodevice, the method of determining and 
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characterizing the nanoroughness should be explained in detail, especially for 
nanoscale specimens and the MIS capacitor with 2HfO  as a high k dielectric. 
2.6. Uncertainty Evaluation of SEM-based Metrology 
Relevant standards of ISO Geometrical Product Specifications and Verification (ISO 
GPS) classify the uncertainties of a product as measurement uncertainty, correlation 
uncertainty, specification uncertainty, compliance uncertainty and total 
uncertainty[2.66]. Figure 2.23 shows the detailed relationships between the above 
mentioned uncertainties[2.66]. In Figure 2.23 measurement uncertainty is the sum of 
measurement uncertainty and implementation uncertainty. The Guide to the 
Expression of Uncertainty in Measurement (GUM) and ISO 14253-2 present the 
corresponding process and algorithms for the evaluation of the measurement 
uncertainty [2.67,2.68]. Accordingly SEM-based measurement uncertainties fall into 
two kinds, one kind from the SEM instrument itself (the implementation uncertainty), 
the other kind from the operations of relevant image processes and characterization 
(the method uncertainty). 
 
Figure 2.23 – Relationships between various uncertainties of a geometric product[2.66]. 
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2.6.1. Implementation Uncertainty of SEM-based Metrology 
In the implementation uncertainty of SEM measurement, one main influential factor is 
the assignment of a line edge position which produces significant uncertainty [2.69]. 
Line edge positions in the SEM image of a specimen should be accurately assigned in 
order to get measurement results with high accuracy. Three methods are being 
employed to assign line edge positions, namely the threshold edge criterion[2.70, 
2.71], the model-based library[2.72] and the piecewise-defined continuous 
function[2.73]. A review of these three methods follows. 
Of the threshold approaches to determine a line edge position, one simple and 
frequently-used method is based on the SEM image grey scale of the nanostructure 
directly as shown in Figure 2.24[2.70]. Linewidth (that is, the distance between the 
positions of both edges of the nanostructure) varies according to the changes of the 
threshold, hence corresponding uncertainties are introduced. This method is more 
random and empirical, resulting in larger uncertainty for CD and LER/LWR 
measurements. 
Figure 2.24 – Threshold-based 
determination of the linewidth[2.70]. 
Figure 2.25 – The Edge assignment errors caused by the 
threshold edge criterion[2.71]. 
The other threshold method is based on the profile of the SEM signal intensity for the 
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nanostructure. Figure 2.25 demonstrates the schematic to determine the edge position 
of a nanostructure[2.71]. With the threshold value on the SEM image intensity varied 
(here the threshold is set half way between the intensity peak and the baseline), the 
position of the line edge changes too, introducing relevant uncertainties in the 
measurement of the line width, space width or LER/LWR. In this example, the 
sidewall angle variation of the nanostructure contributes considerably to the 
uncertainty of the edge position determination. Also the smoothing operation for the 
SEM grey scale image may broaden the SEM signal intensity profile and cause a 
change in assignment of the edge position. 
In order to assign the position of a line edge more accurately and quickly, Villarrubia 
et al [2.72] at NIST established an SEM model-based library of typical specimens by 
Monte Carlo simulation. First the specimen shape was parameterized, and then the 
eight parameters were iteratively adjusted to obtain the best least squares fit to the 
measured image. Since it is very time-consuming to use a Monte Carlo simulator 
frequently for the iterative calculation, a library of simulation results for parameters 
covering the process space of interest was established in advance. If the measured 
SEM signal profile does not agree with the simulated ones, a function will be 
employed to interpolate the SEM model-based library rapidly, hence increasing the 
calculation efficiency. 
Figure 2.26(a) shows the model library-based measurement process, and Figure 
2.26(b) demonstrates the comparison of the width bias as a function of sidewall angle 
for a specimen obtained by four frequently-used methods, namely the maximum 
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derivative, the regression to baseline, the sigmoidal fit and the model-based 
library[2.74]. The width bias produced by the approach of the model-based library is 
less than that generated by other ones, and more stable along with the change of the 
sidewall angles of the specimens, reducing the error of the line width measurement. 
(a) (b) 
Figure 2.26 – Schematic of the model-based library (a), and the comparison of the width bias obtained 
by four methods(b) [2.72]. 
In order to overcome the drawbacks of the model library-based approach, Frase et al 
[2.73] at Physikalisch-Technische Bundesanstalt(PTB) presented a new algorithm to 
evaluate the CD of nanostructures from SEM images. Figure 2.27 demonstrates 
electron diffusion by a Monte Carlo simulation at a silicon line and the corresponding 
secondary electron image, and Figure 2.28 shows the new algorithm based on the 
physical modeling of the SEM image formation by Monte Carlo simulation[2.73]. A 
piecewise-defined continuous function with five characteristic parameters was 
employed to model the SEM intensity profile, here x1 is the foot of the left edge, x2 is 
the shoulder of the left edge, x3 is the point of the transition from the left edge to the 
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right edge, x4 is the shoulder of the right edge, and x5 is the foot of the right edge. A 
least-squares fit is used to approximate the measured profile extracted from the 
images, and the five characteristic parameters can be obtained. Hence the CD values 
can be directly determined as follows: TopCD=x4-x2, and BottomCD=x5-x1. 
(a) 
(b) 
Figure 2.27 – (a) Simulation of the secondary
electron diffusion at a silicon line. (b) the 
corresponding secondary electron image 
[2.73]. 
Figure 2.28 – The topography of the structure and its 
corresponding model profile [2.73]. 
 
2.6.2. Method Uncertainty of SEM-based Metrology 
Method uncertainty is mainly caused by filtering, extraction and fit operations[2.66]. 
For example, the mean value filter, median filter and Gaussian filter are three 
frequently used to smooth SEM images[2.75]. With different filters being employed 
to smooth the SEM image, corresponding uncertainty is introduced. 
With regard to the extraction of the line edge profiles from the smoothed SEM image, 
Prewitt, Canny, Sobel, Log, Canny, and Robert operators are employed widely[2.76]. 
Wavelet transform-based multi-scale line edge detection is a new operator developed 
in recent years[2.77]. The use of different extraction operators also leads to 
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uncertainty. 
Fit operators for the median line of the extracted line edge profile also cause 
uncertainties for the determination of line edge positions as well as for 
LER/LWR[2.78]. Generally two algorithms are available to fit corresponding median 
line of the line edges of a given SEM image, one is the least-squares median line, the 
other the arithmetic average median line. Different fit operators result in different 
characterization of LER/LWR, hence introducing uncertainty in LER/LWR 
characterization. 
The following conclusions can be obtained from the above review. Either 
implementation uncertainty or method uncertainty of SEM-based measurement has 
been estimated already by different research groups, but in every publication only one 
or two uncertainty (-ies) was (or were) investigated. SEM-based nanoroughness 
metrology requires the evaluation and combination of all uncertainties produced in the 
measurement process, this still remains to be systematically investigated and 
estimated. 
2.7. Summary 
A review on nanoroughness metrology is presented. Various techniques were used to 
fabricate nanolinewidth and nanopitch specimens, the major disadvantage of these 
techniques is the difficulty of producing specimens with nominal linewidth and pitch 
less than 10nm. The MBE technique is a potential candidate to deposit GaAs and 
GaAsAl films alternately on a GaAs substrate with film thickness less than 10nm; 
hence it will be introduced in this thesis. This is followed by the modeling and 
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visualization of various random rough surfaces. Real rough surfaces demonstrate 
Gaussian, non-Gaussian or fractal properties, and most publications discuss only one 
or two properties of 3-D rough surfaces. In this thesis the emphasis will be on the 
simulations of the detailed properties of various rough surfaces. This review also 
covers the effects of nanoroughness on the performances of various nanodevices, 
especially the MIS capacitor with 2HfO  as high k dielectric. More nanoroughness 
descriptors than those introduced in many publications are needed to establish the 
relationships between the performances of nanodevices and nanoroughness, and 
further to regulate the corresponding fabrication process. Finally this chapter presents 
the review of SEM-based measurement uncertainty evaluation, including the method 
uncertainty and implementation uncertainty. In this thesis more attention was paid to 
SEM-based implementation uncertainty than the method uncertainty to improve 
nanoroughness measurement accuracy. 
The review in this chapter has significant influence on the direction of this research. 
The techniques for the fabrication of the nanostrucutres, the algorithms for 
nanoroughness simulations and the measurement uncertainty evaluations are 
identified. The review of the nanoroughness effects on the nanodevices from other 
institutions has also demonstrated that full descriptors of the nanoroughness 
characterization need to be introduced in order to improve the quality control for the 
employed processes. The main challenges faced in this research are identified as the 
fabrication of the nanoliwidth and nanopitch specimens, as well as the 
characterization and measurement uncertainty evaluation of nanoroughness. 
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CHAPTER 3 
CHARACTERIZATION AND SIMULATION OF 
SELF-AFFINE CURVES AND 3-D ROUGH SURFACES 
3.1. Introduction 
In this study random rough curves and surfaces are characterized, and the effects of 
their characteristic parameters on the properties of curve profiles and surface textures 
are investigated and simulated. The intention of the study in this chapter is to visualize 
these relationships, which also will be employed to characterize the curves of the 
nanostructures demonstrated in Chapters 4 and 5. 
This chapter begins with characterization of random rough curves, including the 
Weierstrass-Mandelbrot (W M− ) function for a random rough surface and three 
descriptors of a 2-D random rough curve[3.1]. Then the effects of LER/LWR 
parameters on critical dimension (CD) variation are investigated and self-affine 
curves are visualized in simulation. It is followed by the characterization with six 
descriptors and relevant simulations of frequently used 3-D rough surfaces, such as 
Gaussian, non-Gaussian random rough surfaces, complicated and self-affine rough 
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surfaces. 
3.2. Characterization and Simulation of Random Rough Curves 
There are various profiles of the grating lines in nanostructures, such as sine, cosine, 
exponential, Gaussian and self-affine ones, etc. In most cases the amplitude variation 
of these profiles are different and relationships between both edge profiles of a grating 
line are correlative or noncorrelative, impacting the properties of specific nanodevices 
very much. 
3.2.1. Fractal Model of a Random Rough Surface 
Surfaces produced by micro/nano fabrication techniques almost always are random, 
disordered and multiscale [3.2]. From a mathematical point of view, profiles of this 
kind of surface are continuous, anywhere non-differentiable and self-affine. The 
non-differentiablilty of the surface shows that more detailed information will emerge 
as the profile of the surface is magnified continuously, meanwhile the tangent does 
not exist at any point on the profile. The self-affine of a surface means that the self 
similarity of a profile will appear at different magnification times of the image, see 
Figure 3.1[3.3]. 
 
Figure 3.1 - Diagram of the self similarity of a self-affine profile [3.3]. 
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The fractal model of a rough surface based on the W M−  function was established 
by Majumda and Bhushan[3.1] and applied to the profiles of engineering surfaces[3.4]. 
The W M−  function with a fractal dimension D  is defined as below: 
( 1)
(2 )
cos 2( )
l
n
D
D n
n n
xz x G πγγ
∞−
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=
= ∑                                      (3.1) 
Where  ( )z x  denotes the profile of a random surface, 
D   is the fractal dimension, and 1 2D< < , 
G   is the factor of the characteristic scale, 
nγ   is the spatial frequency of the profile, 
ln   is the lowest cut-off frequency of the profile, 
γ   is the a positive decimal fraction and larger than 1. 
The constant γ  corresponds to the reciprocal of the wavelength of a rough surface 
and determines the frequency spectrum of the rough surface. It makes the spatial 
frequency in Eq.3.1 change as a geometric series, and demonstrates thoroughly the 
randomness of the rough surface by superimposing every cosine function. 
The following properties of the W M−  function can be concluded from Eq.3.1[3.4]:  
? The self-affine property of a random rough surface can be expressed in Eq.3.2, 
i.e., with x  magnified by γ  times, the amplitude z  will be enlarged by D−2γ  
times. 
)()( 2 xzxz D−= γγ                                          (3.2) 
? Invariability of the power spectrum density (PSD). That is why the W M−  
function is always employed to characterize the fractal property of a random 
rough surface. 
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? The fractal parameters D (the fractal dimension) and G (the factor of the 
characteristic scale) are independent of the resolution of the instrument and the 
size of the surface profile. 
3.2.2. Descriptors of 2-D Random Rough Curves 
The following three descriptors are always used to characterize the profiles of a 
random rough curve which is self-affine: the root mean square σ of the amplitudes of 
the surface profile, the height-height correlation function (HHCF) and PSD[3.5]. 
3.2.2.1. Root Mean Square σ  
The RMS, σ , is in common use to characterize the amplitude characteristics of a line 
profile. It demonstrates the standard deviation of the distances of the points on the line 
edge from its associated median line. Generally speaking the less the value of σ , the 
higher the quality of the line edge. The definition of RMS for LER and LWR of a line 
profile are given below: 
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Where  N   is the number of measurement points on a line edge, and LN
d
=  ( L  
is the sampling length, d  is the sampling interval), 
ix   is the distance from the point on the line edge to its median line. 
iW   is the real width of a grating line on a specific measurement point, and 
i li riW X X= − , 
liX  and riX  are the positions of the left and right points on the line edge, 
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W   is the average width of the grating line, iW W N= ∑ , 
iw   is  the residual error of the grating line width, i iw W W= − . 
3.2.2.2. HHCF 
For autocorrelative line edges, the spatial characteristics of the nanoroughness can be 
characterized with the roughness exponent α  and correlation length ξ . HHCF is 
employed to calculate these two spatial parameters. It describes quantitatively the 
correlation between the heights of two positions on the profile, and gives the detailed 
spatial information on LER/LWR. 
The HHCF, ( )G r , of the line edge sequence ix  at the location is defined as below: 
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=                                                         (3.6) 
Where  r   is the distance between the two positions on a line edge, and 
0,1,2,...,r m= , m N< , 
N   is the number of measurement points on the line edge, 
L    is the sampling length, 
d    is the sampling interval. 
The autocorrelation function (ACF), ( )rρ , of the line edge sequence ix  is given 
below, 
ri
rN
i
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∑−= 12
1.1)( σρ                                   (3.7) 
The following relationship between ( )G r  and ( )rρ  can be deduced, 
)](1[2)( 22 rrG ρσ −=                                      (3.8) 
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Figure 3.2 shows the HHCF curve of a self-affine line edge. It follows, from the 
definition of G(r) that, 
0)0( =G ,                                                (3.9) 
( ) 2G r σ→ ∞ = ( r ξ>> ),                                  (3.10) 
( )G r rα≈ ( 0 1α< < , r ξ< ),                                 (3.11) 
Where  σ   is the root mean square amplitudes of the profile, 
ξ   is the correlation length, 
α   is the roughness exponent. 
The correlation length, ξ , describes the range within which the points on a line-edge 
profile are correlative. It can be demonstrated by, 
( ) 1/ eρ ξ =                                                (3.12) 
( ) 2(1 1/ ) 1.125G eξ σ σ= − =                                 (3.13) 
  
Figure 3.2 - HHCF curve of a line edge profile. Figure 3.3 - PSD curve of a line edge profile. 
The roughness exponent, α , describes the roughness variation in the high frequency 
domain. The larger the value of α , the less the roughness variation in the high 
frequency domain, and the smoother the line edge. The smaller the value of α , the 
more the roughness variation in the high frequency domain, and the rougher the line 
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edge. 
3.2.2.3. PSD 
The HHCF describes only the statistical properties of LER/LWR in the spatial domain. 
In order to characterize the frequency characteristics of LER/LWR, the PSD is used. 
PSD is employed to decompose the surface profile into its spatial Fourier component 
wavelengths. For a 1-D line edge profile, the discrete form of PSD is given below: 
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Where f  is the spatial frequency of the roughness, 
( )z i  is the profile of the line edge, 
i   is an ordinal number, 0,1, 2,..., 1i N= − , 
Δ   is the sampling interval, 
N  is the number of sampling points. 
If the measured profile is of a self-affine random rough surface, its ACF is given by: 
2
2 | |( ) exp r zR r
α
σ ξ
⎛ ⎞Δ= −⎜ ⎟⎝ ⎠                                 (3.15) 
Where  zΔ   is the discrete distance between every two neighboring points on the 
line edge, 
σ  is the RMS deviation of LER/LWR,  
ξ  is the correlation length, 
α  is the roughness exponent. 
The approximate PSD form of Eq. 3.15 is given by, 
2
0.52
2( )
1 ( )
aP f
f
σ ξ
ξ += ⎡ ⎤+⎣ ⎦
                                   (3.16) 
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Where  f  is the spatial frequency, 2 (0 )
2
Nf i i
N
π= ≤ ≤Δ  and min maxf f f< < , 
minf  and maxf  are the minimum and maximum values of the spatial 
frequency, 
Figure 3.3 shows the PSD curve produced by Eq.3.16 subject to the conditions that 
1.2nmσ = , 25nmξ = , 1nmΔ = , 0.5α =  are met. It can be concluded that when 
1f ξ −> , the PSD of the line-edge profile follows a power law. According to fractal 
geometry[3.6], the roughness exponent, α , and the slope, b , of the PSD curve are 
related by, 
(2 1)b α= − +                                           (3.17) 
So the roughness exponent, α , can be derived from the slope, b , of the PSD curve . 
3.2.3. Simulation of Self-affine Fractal Curves 
The following simulations include self-affine curves and the effects of the parameters 
of LER/LWR on CD  variation of a nanostructure. 
3.2.3.1. Simulation of Self-affine Curves 
The PSD is frequently employed to simulate the self-affine profiles with specific 
RMS, correlation length and roughness exponent values [3.7]. Figure 3.4 briefly 
shows the simulation process. 
Suppose the line edges to be generated have 2048 points, and the sampling interval is 
1nm. Three examples are given in Figure 3.5. The following conclusion can be drawn: 
the larger the value of σ , the rougher the line edges. The longer the value of ξ , the 
slower the change in the line edges. The smaller the value of α , the rougher the line 
edges. 
Chapter 3           Characterization and Simulation of Self-affine Curves and 3-D Rough Surfaces 
48 
 
  
(a) ξ  =25nm, α =0.5 (b) σ =1nm, α =0.5 
  
(c) σ =1nm, ξ =25nm (d) CD =50nm, σ =1nm, α =0.5, ξ =25nm 
Figure 3.5 - Simulation of self-affine curves with different σ, ξ and α values. 
Generating PSD with σ、ξ、α 
Generating random phases of PSD with Monte 
Carlo simulation 
Conducting inverse-Fourier transform of PSD 
Obtaining fluctuant edge (LER/LWR) of a self-affine 
Figure 3.4 - Simulation of a self-affine curve. 
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3.2.3.2. Simulation of the Effect of Parameters on CD  Variation 
CD  variation of a nanostructure means the uniformity of CD s, and has a great effect 
on the performance of specific nanodevices [3.8]. Suppose M  denotes the 
measurement number within a measurement length where, 1CD , 2CD , ……, MCD  
are measured CD  values; CD  is the average value and δ  the limit variation. 
Then 
( )2
13
1
M
i
i
CD CD
M
δ =
−
= −
∑
                                   (3.18) 
By changing parameters σ , α  and ξ  of Eq. 3.16, 1000 self-affine line edges were 
generated, and the parameter effects on CD  variation were simulated. 
? CD  
1000 self-affine line edges with specific RMS σ (1nm), α  (0.5) and ξ  (25nm) 
were generated. Figure 3.6 shows the histogram of CD  variation. The smaller the 
CD , the larger the CD  variation, as expected. 
   
(a) CD =10nm (b) CD =50nm (c) CD =500nm 
Figure 3.6 - Histogram of the CD  variations with CD  values of (a) 10nm, (b) 50nm and (c) 
500nm. 
? RMS σ  
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RMS σ  also affects CD  variation greatly. 1000 self-affine line edges with specific 
α  (0.5), ξ  (25nm) and RMS σ  within the range 0.2nm to 3nm were generated. 
Figure 3.7 shows the effect of RMS σ  on CD  variation. The following conclusion 
can be drawn: the larger the RMS σ , the larger the CD  variation; there is an 
approximate linear relationship between the two. The smaller the CD , the larger the 
effect of the RMS σ  on the CD  variation. 
  
Figure 3.7 – Effect of RMS σ  on CD  
variation. 
Figure 3.8 - Effect of correlation length ξ  on 
CD  variation. 
? Correlation Length ξ  
The correlation length ξ  is also one of the main factors which influences CD  
variation. 1000 self-affine line edges with specific RMS σ  (1nm), α  (0.5) and ξ  
within the range 10nm to 30nm were generated. Figure 3.8 shows the effect of 
correlation length ξ  on CD  variation. Clearly the longer the correlation length ξ , 
the larger CD  variation. That is, when the correlation length ξ  increases from 
10nm to 30nm, the corresponding CD  variation increases from 1.059nm to 
2.147nm. 
? Roughness Exponent α  
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The roughness exponent α  is another factor which influences CD  variation. 1000 
self-affine line edges with specific RMS σ  (1nm), ξ  (25nm), and α  within the 
range from 0.1 to 0.9 were generated, CD  values of 25nm and 50nm were used. 
Figure 3.9 shows the effect of the roughness exponent α  on CD  variation. With 
the roughness exponent α  within the range 0.1 to 0.25, the larger the roughness 
exponent α , the smaller the CD  variation. With the roughness exponent α  within 
the range from 0.25 to 0.9, a larger roughness exponent α  has less effect on CD  
variation. It is noted that the smaller the CD  value, the larger the CD  variation. 
 
Figure 3.9 – Effect of roughness exponent α  on CD  variation. 
3.3. Characterization and Simulation of 3-D Rough Surfaces 
In this section six descriptors are identified to characterize 3-D rough surfaces. The 
effects of the characteristic parameters on the properties of Gaussian, non-Gaussian 
and self-affine random rough surfaces are simulated and visualized. 
3.3.1. Characterization of 3-D Rough Surfaces 
Statistical parameters and functions are identified to characterize 3-D random surfaces, 
such as RMS deviation qS , skewness skS , kurtosis kuS , the autocovariance function, 
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ACF, and PSD. 
3.3.1.1. Root Mean Square qS  
RMS qS  is the RMS value of the height distribution of a rough surface, 
demonstrating the height distribution in an evaluation area. Its discrete form is given 
below, 
∑∑
=
=
M
i
N
j
jiq yxzMN
S
1
2 ),(1                                   (3.19) 
Where  M  and N  are the numbers of the points in the x and y directions 
respectively, 
       ( , )i jz x y  is the height at point ( , )i jx y . 
3.3.1.2. Skewness skS  
Skewness skS  is defined as the average of the third power of the heights on a profile, 
⎥⎦
⎤⎢⎣
⎡= ∫∫
Aq
sk dxdyyxzAS
S ),(11 33                                   (3.20) 
Where  qS  is RMS of a surface, 
A  is the evaluation area, 
( , )z x y  is the height at point ( , )x y . 
skS  demonstrates the symmetry of a random rough surface within an evaluation area. 
If the height distribution of a rough surface is symmetric, skS =0. If the peaks of a 
surface are deleted, skS <0. If the valleys of a surface are deleted, skS >0. 
3.3.1.3. Kurtosis kuS  
Kurtosis kuS  is defined as the average of the fourth power of the heights on a profile, 
4
4
1 1 ( , )ku
q A
S z x y dxdy
S A
⎡ ⎤= ⎢ ⎥⎣ ⎦∫∫                              (3.21) 
Chapter 3           Characterization and Simulation of Self-affine Curves and 3-D Rough Surfaces 
53 
Where  qS  is the RMS of a surface, 
A  is the evaluation area, 
( , )z x y  is the height at point ( , )x y . 
kuS  shows the height distribution of a random rough surface within an evaluation 
area. For a Gaussian rough surface, kuS =3. If kuS >3, there are more peaks and 
valleys on the rough surface, and the density probability plot of the surface is sharper 
than that of a Gaussian rough surface. If kuS <3, there are less peaks and valleys on 
the rough surface, and the density probability plot of the surface is smoother than that 
of a Gaussian rough surface. 
3.3.1.4. Autocovariance Function and Autocorrelation Function 
The autocovariance function and autocorrelation function of a 3-D random rough 
surface are as below: 
∫∫ ++=
A
yxyx dxdyyxzyxz ),(),(),( ττττρ                      (3.22) 
dxdyyxzyxz
dxdyyxzyxz
R
A
A
yx
yx
yx ∫∫
∫∫ ++
==
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),(),(
)0,0(
),(
),(
ττ
ρ
ττρττ            (3.23) 
Where  xτ  and yτ  are the lags in the x  and y  directions respectively, 
( , )z x y  is the height at point ( , )x y , 
A  is the evaluation area. 
3.3.1.5. PSD 
The PSD illustrates the extent to which the texture direction and the wavelength of a 
rough surface influence RMS σ  of 3-D surface roughness. 
∫ ∫− − +−∞→= yy xx yyxxyx ll ll yxffjyxllyxs ddeffP ττττρπ ττ )(2, ),(41lim),(         (3.24) 
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Where  xf , yf  are the spatial frequencies in x  and y  directions respectively, 
xl , yl  are the lengths of a 3-D continuous surface in x  and y  directions 
respectively, 
xτ  and yτ  are the lags in x  and y  directions respectively. 
3.3.1.6. HHCF 
The HHCF is equivalent to the ACF, and is defined below: 
[ ]∫ ∫− − ++−−−= xx yyl l yxyyxxyx dxdyyxzyxzllG
τ τ ττττττ 0
2
0
),(),(
))((
1),(     (3.25) 
Where  xτ , yτ  are the correlation lengths in the x  and y  directions respectively, 
xl , yl  are the lengths of a 3-D continuous surface in the x  and y  
directions respectively, 
( , )z x y  is the height at point ( , )x y . 
3.3.2. Simulation of 3-D Rough Surfaces 
Gaussian, non-Gaussian, complicated and self-affine random rough surfaces were 
simulated, and the effects of the characteristic parameters on the surface textures were 
visualized. 
3.3.2.1. Simulation of a Gaussian Random Rough Surface 
Based on an autoregression model and a 2-D digital lowpass filtration, a specific ACF 
was generated, thus a Gaussian random rough surface could be simulated [3.9-3.11]. 
Suppose that an arbitrary random process ( , )x yη  undergoes a 2-D lowpass filter, 
then a random process ( , )z x y  is generated as below, 
∑∑−
=
−
=
++=
1
0
1
0
),(),(),(
n
k
m
k
yxyx yxhyxz ττηττ                          (3.26) 
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Where  1,...,x Nτ = , 1,...,y Nτ = , 
2n N= , 2m M= , 
( , )x yh τ τ  is the impact response function of the filter. 
The Fourier transformation of Eq. 3.26 is given by 
),(),(),( yxyxyx AHZ ωωωωωω ×=                         (3.27) 
Where   ),( yxZ ωω , ),( yxH ωω  and ),( yxA ωω  are Fourier transforms of ),( yxz , 
),( yxh ττ  and ),( yxη  respectively 
j x
x e
ωω = , j yy e ωω = . 
Suppose ( , )x yPη ω ω  is defined as the PSD of the input sequence, then PSDs of input 
and output sequences ( , )x yPη ω ω  and ( , )x yG ω ω  follow the following relationship, 
2
( , ) ( , ) ( , )x y x y x yG H Pηω ω ω ω ω ω=                           (3.28) 
Since the input sequence is made up of independent random sequences, following a 
Gaussian distribution, its PSD ),( yxP ωωη  can be regarded as a constant C , then 
2/1)/),((),( CGH yxyx ωωωω =                              (3.29) 
According to above analysis, the simulation steps for a Gaussian rough surface with a 
specific ACF are summarised as follows. A random sequence ( , )x yη  of a 2-D 
random surface was generated and its Fourier transform ( , )x yP ω ω  was determined. 
The PSD ( , )x yG ω ω  of the output sequence was calculated from the Fourier 
transform of a specific ACF ( , )z x yR τ τ , and its constant C  was determined. 
According to Eq.3.29 the transfer function ),( yxH ωω  of the filter was obtained. 
According to Eq.(3.27) the Fourier transform ( , )x yZ ω ω  of the output sequence was 
calculated. Finally the height distribution function ( , )z x y  of the random surface was 
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obtained from the inverse Fourier transform ( , )x yZ ω ω . 
1) Exponential ACF 
An exponential ACF is frequently employed to establish an ACF model of a rough 
surface [3.12]. It can be expressed as: 
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Where  σ  is RMS roughness, 
xβ  and yβ  are correlation lengths in x  and y  directions, respectively, 
xτ  and yτ  are lags between two positions in x  and y  directions, 
respectively. 
If xβ  is equal to yβ , the surface is isotropic. Otherwise the surface is anisotropic. 
The simulation surfaces all were 128nm×128nm. Figure 3.10 shows the simulated 
3-D profiles of rough isotropic surfaces with exponential ACFs: the shorter the 
correlation length, the rougher the surface. 
 
(a) xβ = yβ =5nm, σ =1nm. (b) xβ = yβ =10nm, σ =1nm. 
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(c) xβ = yβ =25nm, σ =1nm. (d) xβ = yβ =50nm, σ =1nm. 
Figure 3.10 – The simulated 3-D profiles of a rough isotropic surfaces with exponential ACFs. 
In order to simulate the anisotropic surface parameter x yν β β=  was employed. 
Figure 3.11 shows the simulated 3-D profiles of rough anisotropic surfaces with 
exponential ACF and different ν  values. Clearly when ν  is larger than 1, the 
surface has lateral texture, and the larger the parameter ν , the more distinct the 
texture. When ν  is less than 1, the surface has longitudinal texture, and the larger the 
parameter ν , the more distinct the texture. Figure 3.12 shows the comparison of 
exponential ACFs of isotropic and anisotropic surfaces. 
  
(a) xβ =500nm, yβ =5nm, σ =1nm. (b) xβ =5nm, yβ =500nm, σ =1nm. 
Figure 3.11 – The simulated 3-D profiles of anisotropic surface with an exponential ACF and different ν  
values. 
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(a) xβ = yβ =25nm (isotropic). (b) xβ =100nm, yβ =5nm (anisotropic). 
Figure 3.12 – Comparison of exponential ACFs of isotropic and anisotropic surfaces. 
2) Cosine-exponential ACF 
In some circumstances the rough surfaces are modeled by cosine-exponential ACF. 
The expression for a cosine-exponential ACF is shown below: 
( ) ( )2 cos( , ) exp 2.3 y yx y x x
y y
R
τ βτ τ σ τ β τ β= −                      (3.31) 
Where  σ  is RMS roughness, 
xβ  and yβ  are correlation lengths in x  and y  directions respectively, 
xτ  and yτ  are lags of two positions in the x  and y  directions 
respectively. 
Figure 3.13 shows the simulated 3-D profiles of rough isotropic surfaces 
(128nm×128nm) with cosine-exponential ACFs, RMS σ  (1nm), and xβ = yβ  (5nm, 
10nm, 25nm and 50nm respectively). The surface texture in the y  direction 
demonstrates a monotonic decrease, while that in the x  direction exhibits a periodic 
oscillation. Correlation lengths influence the texture of the surface, the longer the 
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correlation lengths, the rougher the amplitude of the surface. 
  
(a) yx ββ = =5nm (b) yx ββ = =10nm 
  
(c) yx ββ = =25nm (d) yx ββ = =50nm 
Figure 3.13 – The simulated 3-D profiles of isotropic surfaces with cosine-exponential ACF. 
 
  
(a) yx ββ = =5nm (b) xβ =50nm, yβ =5nm. 
Figure 3.14 – Contour maps of exponential ACFs of a rough surface. 
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(a) yx ββ = =5nm (b) xβ =50nm, yβ =5nm. 
Figure 3.15 – Contour maps of cosine-exponential ACFs of a rough surface. 
Figure 3.14 and Figure 3.15 show the contour maps of exponential and 
cosine-exponential ACFs of rough surfaces respectively. The comparison of both 
figures shows that the surface texture with a cosine-exponential ACF is more 
complicated than that with an exponential ACF, and the periodic and fluctuating 
characteristics of the surface texture with a cosine-exponential ACF are more obvious 
that that with an exponential ACF. 
3.3.2.2. Complicated Rough Surface 
Any complex random process can be expressed as the summation of two simple 
uncorrelated processes, that is a periodic one and a random one. Suppose a complex 
rough surface is made up of exponential and cosine ACFs, 
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Where  σ  is RMS roughness, 
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xβ  and yβ  are correlation lengths in x  and y  directions respectively, 
xτ  and yτ  are lags in the x  and y  directions respectively. 
Figure 3.16 shows the simulated complex rough surfaces and the contour maps of the 
combined ACF calculated from Eq. 3.32. Obviously the combined rough surface 
texture in Figure 3.16(a) has periodic as well as exponential components. 
Other complicated rough surfaces can be combined with ACFs as well as the ones 
mentioned above[3.13]. 
  
(a) Surface with the combination of exponential 
and cosine ACFs. 
(b) Contour map of the combined ACF in (a). 
Figure 3.16 – Simulated complex rough surface and the contour map of the combined ACFs. 
3.3.2.3. Simulation of Non-Gaussian Random Rough Surface 
Non-Gaussian rough surfaces often have negative skewnesses. The following 
simulations are based on the assumption that a Gaussian random sequence can be 
transformed into a non-Gaussian sequence by a Johnson transform [3.14], while its 
correlation function does not change by very much. Hu [3.15] and Peng [3.16] 
proposed that when a random sequence is filtered by a digital filter, its skewness and 
kurtosis may change slightly. So it is necessary to correct the skewness and kurtosis 
after filtering. 
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Suppose that the skewness and the kurtosis of an input random sequence are Skη  and 
Skuη  respectively, then those of the output random sequence are zSk  and zSku  
after Johnson transform are as below [3.17] 
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Where  Skη  and zSk  are skewnesses of the input and output random sequences, 
Skuη  and zSku  are the kurtosis of the input and output random sequences, 
( , )h k l  is the impact response function of the filter. 
Detailed simulation flow of a non-Gaussian random rough surface is summarized as 
follows. Skewness and kurtosis were set for the rough surface to be generated.  The 
skewness Skη  and kurtosis Skuη  of the input random sequence were calculated 
from Eq. 3.20 and Eq. 3.21. A discrete Gaussian random sequence ),( yxη  was 
generated with a random number generator. Using a Johnson tranform a non-Gaussian 
random sequence ),(' yxη  with given skewness and kurtosis was generated from a 
Gaussian random sequence ),( yxη  from Eq. 3.33 and Eq. 3.34. The transfer 
function ),( yxH ωω  of the filter was obtained. And finally the height distribution 
function ( , )z x y  of the surface with a lowpass filter was found. The following 
non-Gaussian random rough surfaces with exponential ACF were simulated. 
1) Surfaces with negative skewness 
Chapter 3           Characterization and Simulation of Self-affine Curves and 3-D Rough Surfaces 
63 
Figure 3.17 exhibits simulated rough surfaces with different negative skewness values 
as well as corresponding 2-D profiles. It can be concluded that the surface texture 
with skewness skS (-1.0) is sharper than that with skewness skS (-0.3), and especially 
that it has deeper valleys. 
  
(a) yx ββ = =25nm， kuS =5， skS =-0.3. 
  
(b) yx ββ = =25nm， kuS =5， skS =-1. 
Figure 3.17 – Simulation of non-Gaussian rough surfaces with different negative 
skewness. 
2) Surfaces with different positive skewness 
Figure 3.18 shows rough surfaces with different positive skewness values as well as 
corresponding 2-D profiles. The larger the skewness, the more and sharper the high 
peaks, while the less the skewness, the more flat the low valleys. Comparing Figure 
3.18 with Figure 3.17, one can conclude that when the skewness is less than zero, the 
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peaks are rather flat and the valleys sharper. On the other hand, when the skewness is 
greater than zero, the peaks are sharper and the valleys flatter. The same conclusion 
can be reached from the definition of skewness in Eq. 3.20. 
  
(a) yx ββ = =25nm， kuS =3， skS =0.3. 
  
(b) yx ββ = =25nm， kuS =3， skS =1. 
Figure 3.18 – Simulation of rough surfaces with different positive skewnesses. 
3) Surfaces with different kurtosis (and negative skewness) 
Figure 3.19 shows the simulations of rough surfaces with different kurtosis values as 
well as corresponding 2-D profiles. It can be concluded that more high peaks and low 
valleys are produced in the surface texture with kurtosis kuS  larger than 3. 
Conversely, less high peaks and low valleys are formed in the surface texture with 
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kurtosis kuS  less than 3. 
  
(a) yx ββ = =25nm， kuS =2， skS =-0.3. 
  
(b) yx ββ = =25nm， kuS =5， skS =-0.3. 
Figure 3.19 – Simulation of rough surfaces with different kurtosises. 
 
 
(a) yx ββ = =10nm， kuS =3， skS =-0.3. 
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(b) yx ββ = =50nm， kuS =3， skS =-0.3. 
Figure 3.20 – Simulation of rough surfaces with different correlation lengths. 
4) Surfaces with different correlation lengths 
Figure 3.20 shows the simulation of rough surfaces with different correlation lengths 
as well as corresponding 2-D profiles. One can conclude that as correlation lengths 
xβ  and yβ  increase, the rough surface texture become sharper, and the number of 
peaks and valleys becomes less. 
3.3.2.4. Simulation of a Self-affine Rough Surface 
According to the conclusion obtained by Goff and Jordan [3.18], a self-affine rough 
surface is described by the following PSD function, 
( ) )1(2222
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ff
ffP                               (3.35) 
Where  σ  is RMS deviation, 
xβ , yβ  are correlation lengths in the x  and y  directions respectively, 
α  is the roughness exponent, 
xf , yf  are spatial frequencies in the x  and y  directions respectively. 
The correlation function and HHCF of a self-affine rough surface are deduced from 
Eq.3.36 and Eq.3.37 respectively, 
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(a) yx ββ = =5nm, α =0.5, and σ =1nm. (b) xβ = yβ =25nm, α =0.5, and σ =1nm. 
 
(c) yx ββ = = 25nm, α =0.8, and σ =1nm. 
Figure 3.21 –Simulations of self-affine rough surfaces. 
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Where  σ   is the roughness RMS, 
α  is the roughness exponent, 
Kα  is a modified Bessel function of the α th order [3.19], 
)(xΓ  is a Gamma function, 
xβ , yβ  are correlation lengths in the x  and y  directions respectively, 
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xτ  and yτ  are lags between two positions in the x and y directions 
respectively. 
Figure 3.21 shows the generated self-affine surfaces with different correlation lengths 
xβ  and yβ , roughness exponent and RMS σ . The numbers of points in the x  and 
y  directions on the surface to be simulated were all 256. As expected, in Figure 
3.21(a) and (b), the shorter the correlation lengths, the more compact the surface 
texture and the less fluctuating the amplitude of the rough surface. With regard to 
Figure 3.21 (b) and (c), the smaller the roughness exponent α , the more irregular 
structures in the rough surface. The same conclusion was obtained in Section 3.2. 
3.4. Summary 
In this Chapter, three descriptors for the characterization of random rough curves are 
identified: RMS σ , HHCF and PSD. Self-affine curves with different RMS σ , 
correlation length ξ  and roughness exponent α  were simulated and visualized. 
The effect of LER/LWR parameters on CD  variation were visualized, including 
CD , RMS σ , correlation length ξ  and roughness exponent α , etc. 
For the characterization of 3-D rough surfaces six descriptors were identified: RMS 
qS , skewness skS , kurtosis kuS , the autocovariance function, ACF, PSD and HHCF. 
Gaussian and non-Gaussian random rough surfaces and self-affine rough surfaces 
with specific characeristic parameters were investigated and simulated. For a 
Gaussian random rough surface, the surface textures with exponential, 
cosine-exponential and complex ACFs were simulated, including visualization with 
contour maps. With regard to the simulatiom of non-Gaussian random surfaces, 
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surfaces with negative and positive skewnesses skS , different kurtosis kuS  plus 
negative skewness skS  and different correlation lengths were simulated and 
visualized. HHCFs for self-affine random rough surfaces were simulated. These 
conclusions are necessary for the characterization of nanoroughness in relevant 
sections of Chapters 4 and 5. 
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CHAPTER 4 
FABRICATION AND NANOROUGHNESS 
CHARACTERIZATION OF NANOLINEWIDTH AND 
NANOPITCH SPECIMENS 
4.1. Introduction 
One aspect of nanometrology research is fabrication of relevant specimens, for 
example, nanolinewidth and nanopitch specimens[4.1, 4.2]. Various techniques are 
frequently employed to fabricate nanolinewidth and nanopitch specimens in order to 
measure specific nanoscale parameters and to calibrate different nanoscale 
instruments. The difficulties in acquiring quality nanolinewidth and nanopitch 
specimens cab be summarised as listed here. (a) Nominal sizes of nanolinewidth and 
nanopitch specimens are more than 10nm; the small size rules out many fabrication 
processes. (b) The uniformity of grating lines of the specimens needs to be further 
improved. (c) The lengths of the specimens need to be increased[4.2]. In order to 
overcome the above mentioned drawbacks, in this chapter the molecular beam epitaxy 
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(MBE) process is introduced. The materials were selected carefully to fabricate 
nanolinewidth and nanopitch specimens with nominal sizes less than 10nm. Upon 
completion of the fabrication, high resolution transmission electron microscopy 
(HRTEM) was employed to measure the specimens, and the fabrication process 
uncertainty was evaluated in order that the process parameters could be further 
regulated. 
In the following sections, first several fabrication techniques are compared and the 
MBE-based fabrication process is introduced. Then the chapter will proceed to 
MBE-based fabrication of nanolinewidth and nanopitch specimens, including the 
design of the nanolinewidth and nanopitch specimens, the material selection and 
parameter regulation of the fabrication process. The fabricated nanostructures will be 
measured with HRTEM and the LER/LWR of grating line edges will be characterized 
in detail, including filtering of HRTEM images, extraction, association and 
characterization of line edge profiles from the filtered HRTEM images. Following this, 
the results of the fabrication and characterization will be discussed. 
4.2. A Brief Introduction to Fabrication of Nanolinewidth and 
Nanopitch Specimens 
Fabrication and characterization of nanolinewidth and nanopitch specimens are 
playing more and more important roles in nanometrology[4.3]. The following three 
groups of ways are currently employed in providing high quality nanospecimens, 
including traditional fabrication techniques (such as optical, electron beam, ion beam 
and x-ray lithography, etc.), the intrinsic crystal lattice constant of some crystalline 
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materials being used as a natural specimen, and laser focused atomic deposition 
techniques. 
Traditional fabrication techniques make it difficult to fabricate patterns with a 
nominal size less than 10nm and the cost is very high. Laser focused atomic 
deposition technique is good but it is difficult to fabricate the expected patterns, 
especially those with nominal size less than 10nm. For the specimens that use the 
constants of crystalline materials as the nominal size, these constants are intrinsic and 
cannot be modified easily to comply with the expected nominal size of the specimen. 
It is believed that the MBE-based process is a promising technique which can be 
employed to fabricate expected nanolinewidth and nanopitch specimens effectively. 
So in the following sections, the MBE-based fabrication and HRTEM-based 
characterization of nanolinewidth and nanopitch specimen will be discussed in detail. 
4.3. MBE-based Fabrication of Nanolinewidth and Nanopitch 
Specimens 
More precision planar lithography processes are needed to fabricate patterns with 
even smaller critical dimensions, such as electron beam lithgraphy (EBL), X-ray 
lithography and ion beam lithography. The shortcoming of these processes is the high 
cost. In comparison, film deposition techniques can be used to fabricate multiple layer 
films with small thicknesses. So the main method of fabricating nanolinewidth and 
nanopitch introduced in this chapter is to take the thicknesses of multilayers which are 
deposited alternately on a specific substrate as the linewidthes or pitches of a 
nanolinewidth or nanopitch specimen. 
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4.3.1. Background on the MBE process 
Nowadays there are many film deposition processes in the IC industry and 
nanotechnology research institutions, such as metal-organic chemical vapor 
deposition (MOCVD), magnetron sputtering，vacuum evaporation as well as MBE, 
etc[4.4-4.7]. Of all these processes, it is difficult for first three methods to fabricate 
high quality nanostructures with CD less than 10nm. In contrast, the MBE process is 
very promising for the fabrication of heterojunction structures which have not only 
attractive properties, but also small critical dimensions[4.8]. So it is possible to 
employ MBE process to fabricate nanopatterens with CD less than 10nm. 
Growth direction (Z)  
Figure 4.1- Schematic diagram of MBE process [4.9]. 
MBE is a new technology for growing high quality crystal films on a crystalline 
substrate. In a high vaccum chamber, various solid components of the expected 
crystal are heated in different cells to produce a vapour, forming molecule or atom 
beams after collimation by small apertures. The collimated molecule or atom beams 
are deposited directly, in a raster scanning mode, onto a single crystal substrate which 
is heated to the required temperature,. Films are formed layer by layer according to 
the alignment of the crystal. Figure 4.1 shows the diagram of depositing atoms or 
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molecules one by one on a substrate using MBE[4.9]. 
MBE has been used to fabricate monocrystal films which have only several dozens of 
atomic layers. With components and dopings changed alternately, ultrathin quantum 
wells also can be fabricated by the MBE process. The distinguishing features of MBE 
are listed below[4.9]. 
? The temperature for epitaxial growth is low (600℃-700℃), hence the effects of 
lattice mismatch caused by the thermal expansion on the interface and self-doped 
diffusion of impurities on the epitaxial layer are significantly decreased. 
? Film growth rate is very slow (about 1μm/hour), enabling one to accurately 
control the beam intensity, the thickness, the structure, the components and the 
heterojunction. Actually it is an atom-scale fabrication technique and very 
suitable for the growth of supperlatice materials. 
? Components of the crystal film and doping density can be promptly adjusted. 
? Since the MBE process is performed in an ultra-high vacuum chamber, the 
substrate surface can be cleaned thoroughly and contamination during the epitaxy 
process can be effectively avoided, so high quality epitaxial layers can be 
fabricated. Moreover there are other instruments within the MBE high vacuum 
chamber which are employed to detect the surface structure, the components and 
the residual gas, so on-line monitoring of the composition and structural 
integrality of epitaxial layers can easily be conducted. 
? MBE is a dynamic process, not a thermodynamic one. Neutral particles (such as 
atoms and molecules) are piled up one by one on a substrate to form the expected 
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films. So it can deposit films which cannot be grown by ordinary thermal 
equilibrium processes. 
? MBE is a physical deposition process within an ultrahigh vacuum chamber, so the 
effects of chemical reactions during intermediate process and mass transfer need 
not to be taken into consideration. Besides these, the shutters in MBE system can 
be used to turn on or off the growth, so the components and doping density of 
epitaxial films can be quickly adjusted according to the changes of sources. 
 
 
 
 
 
 
 
(a) Nanolinewidth specimen. (b) Nanopitch specimen. 
Figure 4.2 - Diagrams of nanoscale specimens to be fabricated with MBE process and their 
materials selection. 
4.3.2. MBE-based Design of Nanolinewidth and Nanopitch Specimens 
The MBE process is to be employed for fabrication of nanolinewidth and nanopitch 
specimens. The materials such as chrome and silicon nitride in previous work are to 
be replaced by GaAs and AlGaAs. Figure 4.2 shows diagrams of the nanolinewidth 
and nanopitch specimens to be fabricated. For the nanolinewidth specimen, GaAs 
substrate is used and the thicknesses of deposited AlGaAs layers(here are 2nm, 4nm, 
6nm, 8nm, etc.) are regarded as the nominal linewidthes of the nanolinewidth 
specimen, as shown in Figure 4.2(a). With regard to nanopitch specimens, the same 
GaAs Substrate 
AlGaAs 8 nm
AlGaAs 6 nm
AlGaAs 4 nm
AlGaAs 2 nm
GaAs Substrate
AlGaAs 5 nm 
AlGaAs 5 nm 
AlGaAs 5 nm 
AlGaAs 5 nm 
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substrate is employed as for nanolinewidth specimens. Also the thicknesses of 
deposited AlGaAs layers are regarded as the nominal pitch (here 5nm) of the 
nanopitch specimen, see Figure 4.2(b). 
4.3.3. Material Selection for MBE-based Fabrication of Nanolinewidth and 
Nanopitch Specimens 
Materials selection has a great effect on the quality of nanolinewidth and nanopitch 
specimens fabricated with MBE process. Silicon-based materials are often chosen as a 
substrate. But it is necessary to look for new semiconductor materials to meet other 
application requirements. Two kinds of parameters need to be taken into consideration 
for material selection[4.10]: image contrast as well as the mismatch ratio between the 
epitaxy material and substrate material. Regarding the mismatch ratio, GaAs and 
AlGaAs have almost the same lattice constant, and the following two equations are 
widely used to calculate the mismatch ratio δ [4.11]. 
s e
s
a a
a
δ −=
                                            (4.1) 
2 / /' s e
s e
a a
a a
δ −= +                                         (4.2) 
Where  sa  is the lattice constant of a substrate, 
ea  is the lattice constant of an epitaxied material. 
Table 4.1 shows that the mismatch ratio between GaAs and AlGaAs is significantly 
less than 5%, demonstrating the materials are appropriate for the MBE fabrication 
process. But there is another point that needs to be considered — image contrast. In 
this chapter HRTEM will be employed to characterize the fabricated nanostructures. 
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For HRTEM, two kinds of image contrast should be considered: diffraction contrast 
and phase contrast. Diffraction contrast means the variations in intensity of diffraction 
across the sample, while phase contrast the phase variations of the electron wave 
caused by the Coulomb field of atomic nucleus and outer shell electrons in the 
sample[4.12]. In this chapter GaAs will be selected as the substrate material, and 
AlGaAs with Al accounting for 0.3 as the material to be deposited so that a good 
picture can be obtained from HRTEM and a satisfactory mismatch ratio between 
GaAs and AlGaAs can be ensured. 
Table 4.1 - Mismatch ratio between GaAs and AlGaAs 
Material Lattice constant (Å) Mismatch ratio δ (%) δ’ (%) 
GaAs sa =5.65361 
AlGaAs ea =5.66171 
0.14307 0.14317 
 
4.3.4. MBE System and Fabrication of Nanolinewidth and Nanopitch 
Specimens 
The MBE system (V80H MBE, Oxford Instruments, UK) employed to fabricate 
nanolinewidth and nanopitch specimens is shown in Figure 4.3. It is used mainly for 
solid-state Ⅲ-Ⅴ compound semiconductor epitaxy. Figure 4.4 demonstrates its 
schematic diagram. 
The equipment is made up of quick mounting, preparation and growth chambers. The 
quick mounting chamber is mainly for separating the preparation and growth 
chambers. It has a turbo-molecular pump to maintain a high vacuum level in the 
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preparation and growth chambers. Also in this chamber there is a heater to degas the 
sample. The preparation chamber is designed for storage of samples in a high vacuum 
environment, and also has a heater to degas the sample. Its vacuum is maintained by 
an ion pump. The growth chamber includes 8 temperature-controlled evaporation 
cells, with a shutter employed to turn on or off each evaporation cell. An ion pump is 
used to maintain the vacuum in an evaporation cell. A quadrupole mass spectrometer 
(QMS) is installed in the growth chamber to detect residual gases, and a reflection 
high energy electron diffraction (RHEED) system for real-time monitoring of growth 
quality and growth rate. In the growth process, liquid nitrogen is used to cool 
cryo-shrouds and a Ti sublimation pump is used to maintain a high vacuum 
environment. 
Briefly, the process flow of MBE includes the following operations: system 
baking―degassing―inserting solid source materials―further system baking―further 
degassing―epitaxial growth―changing solid source materials―system baking. 
Figure 4.3 - Diagram of the MBE system used 
for fabrications of nanolinewidth and 
nanopitch specimens. 
Figure 4.4 - Schematic diagram of MBE system 
with ultrahigh vacuum chambers. 
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In this chapter, a GaAs (100) wafer is selected as the substrate for MBE, which was 
supplied by ePAK international Inc (USA). The thickness of the substrate is 324μm. 
The detailed MBE-based process for nanolinewidth and nanopitch specimens is 
summarized as follows. First on the substrate 500nm buffer layer (GaAs) was grown, 
and the growth temperature was 600 , ℃ the growth rate 1μm /h. This GaAs layer had 
less defects than the 324μm GaAs substrate, and was regarded as the substrate for the 
subsequent deposited GaAs and AlGaAs layers. Then GaAs and AlGaAs films were 
alternately grown on the substrate, the growth temperature was 630 , ℃ the growth rate 
of GaAs 0.5μm /h, and that of AlGaAs 0.7μm /h. Finally 3nm GaAs was grown to 
protect the deposited multilayers, the growth temperature is 600 , and the growth ℃
rate 1μm /h. 
4.4. HRTEM-based Measurement of Nanolinewidth and Nanopitch 
Specimens 
Once the specimens are fabricated, an instrument has to be selected to measure the 
fabricated specimens. Since the nominal sizes of the specimens are less than 10nm, in 
this chapter a HRTEM instrument is employed to measure the fabricated specimens. 
For HRTEM examination, the specimens should be thinned and processed prior to 
HRTEM measurement. 
4.4.1. Samples Thinned and Processed Before HRTEM Measurement 
In order to get images of a sample with HRTEM, two conditions should be met: the 
first one is that the sample should be transparent to the electron beam and the other is 
that it should be sufficiently thin. So a sample has to be thinned properly to meet these 
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requirements prior to HRTEM measurement for high quality images. The steps of the 
thinning process are summarised as follows. 
 
Figure 4.5 - Steps of thinning process of HRTEM samples. 
Two rectangular samples, whose size are 3mm×2mm, were cut from the GaAs 
substrate on which AlGaAs and GaAs films were to be deposited (see Figure 4.5(a)). 
The glue was prepared to adhere the samples, the proportion of resin to hardner was 
10:1. The samples were stuck together with the deposited layer of one substrate facing 
that of the other substrate. See Figure 4.5(b). The samples were clamped with forceps, 
ensuring the clearance between two samples was minimum, and baked on a heater 
whose temperature was set as 80℃ for 20 minutes. The surface of an abrasive tool 
was rinsed with alcohol. After the samples cooled down, they were placed to the 
center of the abrasive tool. The samples were manually ground off 1mm from both 
sides of the substrate with P5000# abrasive paper (granularity size 3.5μm). One side 
of the samples was polished with SiO2 polishing powder (whose size was 0.05μm), 
then the other side till the thickness of the samples was 5~15μm. During the polishing 
process, the samples were rinsed with water frequently to avoid scratching the surface. 
The samples were stuck on a copper ring with the glue mentioned above. Outer and 
inner diameters of the copper ring were 3mm and 2mm respectively (see Figures 4.5(c) 
and (d)). The copper ring was heated to solidify the glue. The copper ring plus 
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samples were rinsed with acetone, then dried. The sample was thinned further, by 
ion-beam milling, until the thickness was about 50nm~100nm. 
4.4.2. HRTEM Images of Fabricated Nanolinewidth and Nanopitch 
Specimens 
Upon the completion of the above mentioned MBE-based fabrication and the thinning 
process, the nanolinewidth and nanopitch specimens were measured with a JEM2010 
HRTEM (JEOL Ltd., Japan). 
Figure 4.6(a) demonstrates an HRTEM image of the fabricated nanolinewidth 
specimen, and Figure 4.6(b) that of the fabricated nanopitch specimen. For the 
nanolinewidth specimen, the norminal linewidths are 2nm, 4nm, 6nm, 8nm 
respecitvely. With regard to the nanopitch specimen, the norminal pitch is 5nm. The 
detailed quality analysis of the fabricated specimens will be addressed in the next 
section of this chapter. 
 
(a) (b) 
Figure 4.6 - HRTEM images of fabricated specimens. (a) nanolinewidth. (b) nanopitch. 
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4.5. Nanoroughness Metrology and Its effect on the Precision of 
Nanolinewidth and Nanopitch Specimens 
With HRTEM images of the specimens obtained, the characterization of LER/LWR of 
the grating lines will be conducted and the effects of nanoroughness on the precision 
of the specimens can be concluded. It should be noted that the tilt of images should be 
corrected first before filtration and extraction operations for line edge profiles of 
HRTEM images (see Figure 4.6) to be conducted in order that the characterization is 
more easy and accurate. Figure 4.7 demonstrates the HRTEM images after 
corresponding tilt correction. 
(a) (b) 
Figure 4.7 - Tilt correction of HRTEM images of fabricated nanoscale specimens: (a) 
nanolinewidth specimen and (b) nanopitch specimen. 
4.5.1. Main Steps for HRTEM Images Preprocessing 
The main steps of the algorithm for the detection of the line edges from the HRTEM 
image shown in Figure 4.7 is demonstrated in Figure 4.8, including the transformation 
of a image into an array of pixel intensities, the determination of a pixel size in nm 
Chapter 4                Fabrication and Nanoroughness Characterization of Nanolinewidth and  
Nanopitch Specimens 
83 
unit, image noise-smoothing, selection of an image region for subsequent line edge 
analysis, and eventually line edge detection. 
With the tilt of HRTEM images corrected as shown in Figure 4.7, the size of a pixel in 
the above mentioned images has to be determined for subsequent LER/LWR 
characterization. Coordinates ( , )x y  (in pixels) and an integer in the range (0 to 255) 
which represents a grey-scale, are employed to describe a given image. In the 
following sections we assume that the discrete spectrum of the image grey-scale 
values agrees with the continuous signal intensity values of HRTEM transmission 
electrons. Nevertheless real signals always include noise. This noise has to be reduced 
with noise-smoothing filters. The direct signals or their derivatives can be used to 
analyze the smoothed image, and in this chapter the direct signals are employed for 
more accurate characterization of LER/LWR. For the images in Figure 4.7, the size 
per pixel is 20/200, i.e. 0.2nm. 
 
Figure 4.8 - Main steps of the algorithm for detecting the line edges from a HRTEM image. 
4.5.2. Filtration of HRTEM Images 
4.5.2.1. Introduction to Image Noises 
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Noise in HRTEM images should be smoothed before detection and characterization of 
the grating line edge profiles are conducted. Noise affecting the HRTEM imaging 
process includes the following: the noise caused by the components of the HRTEM, 
the dark current noise produced by incident electron beams, shot and thermal noise 
caused by the measurement current, the noise from the current change produced by 
mechanical vibration, and the noise caused by the electronic circuits of the 
measurement system[4.13]. 
To a large extent, the method of noise-smoothing depends on the kind of a noise. 
Usually noise includes additive noise, multiplicative noise, quantization noise, and 
pepper & salt noise[4.14]. Additive noise is random and uncorrelated with the image 
signals; examples include white Gaussian noise, channel noise produced during the 
image transmission process, random noise introduced by image sensors, and amplifier 
noise etc. Multiplicative noise is correlated with the image signals and varies along 
with the change in the image signals, such as the noise caused by film grain size as 
well as photon noise, etc. Quantization noise is the main source of noise in a digital 
image, and its magnitude is determined by the sampling frequency of the digital 
image and, hence, is unavoidable. In order to decrease the quantization noise, the 
sampling frequency has to be increased, resulting in larger storage required for the 
digital image. Therefore a compromise between the image storage and its 
visualization needs to be made for this kind of noise to be smoothed effectively. 
Pepper & salt noise is a pulse noise produced by image sensors, channel transmission 
and the decoding process, resulting in black and white dots in images. 
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4.5.2.2. Frequently-used Filters for Image Noises Smoothing 
Pixel grey-scale values in one area of an image are highly correlated with those of 
their neighboring pixels. This correlation leads to the result that the image energy 
mainly concentrates within the low frequency domain, while the image details (and 
image noise) concentrate in the high frequency domain. The aims of image-smoothing 
are suppressing noise, increasing low frequency components and decreasing high 
frequency components[4.15]. There are two kinds of image smoothing methods, one 
is in the spatial domain method, and the other is the frequency domain method[4.15]. 
The spatial domain method is a direct processing of image pixels. The filters usually 
employed include a mean-value filter, a median filter and a Gaussian filter. The 
frequency domain methods are an indirect processing of images pixels in frequency 
domain first; then the results are transformed back to the spatial domain. Low-pass 
filters are always used to smooth this kind of noise. Attention needs to be paid to 
selecting appropriate filters for specific images to be processed. 
? Mean-value filter 
Mean-value filtering is a local processing method in the spatial domain, and the filter 
is a linear one. Suppose that the distribution of additive noise is independent and 
random, the mean-value of the neighboring grey-scales can be used to suppress noise. 
The detailed filtering flow is summarised as follows. Assume an image before 
filtering is ( , )f x y  and the image after filtering is ( , )g x y . Then the grey-scale 
value of every pixel is replaced by the average value of neighboring grey-scale values 
of point ( , )x y . The equation is as below: 
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( , )
1( , ) ( , )
i j S
g x y f i j
M ∈
= ∑                                        (4.3) 
Where  S  is the neighboring aggregate whose centre is ( , )x y , 
M  is the pixel number within the neighboring aggregate, 
( , )g x y  is the grey-scale value at point ( , )x y  after filtration, 
       ( , )f i j  is the grey-scale value at point ( , )x y  before filtration. 
The advantages of the mean-value filter include its simplicity, high calculation speed, 
and being very effective for filtering Gaussian noise. The disadvantages are that the 
high frequencies of an image and the details near a sharp point are also filtered out, 
resulting in a blurry line edge. The effectiveness of filtering depends on the size of the 
template. The larger the size of the template, the more the blur in the filtered image. 
? Median filter 
Compared with the previous filter, the median filter is a typical nonlinear one which 
replaces the pixel grey-scale value at the center point of a window by the average 
value of the pixel grey-scale values in this window. Suppose { }2, ( , )ijf i j I∈  denotes 
the grey-scale value at a point in a digital image, then the filter output is as below, 
2
( ),( )( , ) { } { ( , ) ( , ) }ij i k j lg i j Med f Med f k l A i j I+ += = ∈ ∈                (4.4) 
The advantage of the median filter is that while the noise is being filtered out the edge 
details is saved, producing little blurring in the image. Nevertheless the form and the 
size of the filter window affect the filtering efficiency very significantly. Usually the 
window is set as 3 first, then 5, gradually increasing till filtering effectiveness is 
satisfactory. If the template is too large, the edge information would be lost and the 
image processing efficiency would be low. If the template is too small, the filtering is 
Chapter 4                Fabrication and Nanoroughness Characterization of Nanolinewidth and  
Nanopitch Specimens 
87 
unsatisfactory. 
Since the statistic characteristics of the image to be filtered are not employed during 
image processing, the median filter is easy to use. It can not only filter out random 
noise (for example pulse noise, and pepper & salt noises, etc.), but also does not result 
in a blurry edge. So it can save the original signal well, and has a better filtering 
effectiveness when the variation of the grey-scale values is very little. The median 
filter is not suitable for the filtration of images which have features, such as points, 
lines and sharp peaks. 
? Gaussian filter 
The Gaussian filter is a linear filter which determines its weight value based on the 
form of a Gaussian function. It is very effective for suppressing noise whose 
distribution is a normal one. The following function (2-dimensional, the mean value is 
zero) is always employed as a Gaussian filter: 
( )
2 2
22,
x y
G x y e σ
+−=                                       (4.5) 
Where  σ  is a standard deviation and determines the width of the filter, 
( , )x y  is the coordinate of a point in the image of interest. 
The filtering is achieved by convolution of Eq. 4.5 with the image of interest. The 2-D 
Gaussian function has the following important properties: rotational symmetry, 
uniqueness, separability as well as a unique value in the frequency domain. These 
properties ensure that this filter is an effective low-pass one not only in the spatial 
domain but also in the frequency domain as well. 
4.5.2.3. Selection of the Filter for the Filtering of HRTEM Images 
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According to the literature [4.16], the following conclusions were employed to select 
the filter for the filtering of the HRTEM images. Gaussian filtering gave larger values 
of sigma, while median and linear filters were producing greater smoothing and gave 
lower values of sigma, since the latter two were greatly reducing the high frequency 
components of LER. It can be concluded that Gaussian filtering is better than the 
other two methods. Hence in this thesis a Gaussian filter is selected for filtering 
HRTEM images. 
4.5.3. Extraction of Line Edge Profiles from HRTEM Images 
With noises filtered out from the HRTEM images, the positions of line edge profiles 
of the fabricated specimens have to be detected for the subsequent characterization 
process. Detecting the position of line edges of the specimens is very important for 
LER/LWR characterization. Grating line edges mean the pixel aggregates those 
grey-scale values that have step or peak changes. These line edges form the 2-D 
profiles for further measurement and characterization of nanoroughness. 
4.5.3.1. Traditional Line Edge Detect Operators 
Line edges in an image demonstrate a discontinuity of the image characteristics within 
a local area, such as the changes of grey-scale values and their gradients. The 
detection of line edges is the first step in all boundary-based image segmentation. 
Traditional edge detection operators detect the grey-scale change of a specific 
neighboring area of a pixel, and determine the line edge using the changes of the first 
or second order derivatives. There are two steps in conducting line edge detection: 
first an edge enhancement operator is employed to mark a local edge, then the edge 
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intensity is defined and a threshold value is set to extract aggregates of edge points 
[4.17]. 
Images 
The cross-section of  
the samples 
1st order derivative 
   
2nd order derivative 
(a) a step edge. (b) a trench edge  (c) a roof form  edge.  
Figure 4.9 - Categories of line edges and corresponding line edge detection process[4.18]. 
Generally speaking there are two kinds of line edges, one is a step edge and the other 
is a roof edge [4.18], see Figure 4.9. For a step edge, the values of grey-scales at both 
sides of the line edge are significantly different. A roof edge is a turning point where 
the values of the grey-scale change from increasing to decreasing. In this chapter the 
grating line edges to be investigated are all step edges, but were changed into slope 
edges by noises produced by the electron imaging system, sampling process and 
illumination conditions, etc. 
According to the types of finite differences, edge detections can be classified as one of 
the following two kinds: the first order derivative operator and the second order 
derivative operator[4.19-4.20]. The representatives of the former include the Roberts 
operator, Sobel operator and Prewitt operator. The Canny, Laplacian and LOG 
operators represent the latter. 
Line edges are not always detected successfully with traditional line edge detection 
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operators [4.21]. Blurred edges may be lost and false edges may be detected since 
HRTEM has the following disadvantages during the measurement of the grating 
structure with critical dimension less than 10nm, that is, considerable noise was 
included in HRTEM images, especially in images with high magnifications since the 
HRTEM image is a 2D projection of a 3D sample, and the image contrast of the 
grating line edge was low. This means that the traditional operators mentioned above 
cannot meet the requirements of the edge detection process. In the following sections 
a wavelet transform-based multi-scale line edge detection is introduced to detect the 
position of line edges in a nanoscale grating structure. 
4.5.3.2. Wavelet Transform-based Multi-scale Line Edge Detection 
Since noise and line edges in a HRTEM image are all signals with high frequencies, it 
is difficult to distinguish between them by frequency. It is noted that the main 
difference is that they have different energy, that is line edges have a higher energy 
and larger range. So the position of a signal on a grating line edge can be detected by 
the characteristics of its continuous wavelet transform, i.e. the properties on 
multi-scale (also call multi-resolution). According to this property, the signal can be 
investigated in different resolutions. 
According to the Mallat modulus maximum principle[4.22], a wavelet transform is 
defined with a convolution transform. Suppose 2( ) ( )x L Rψ ∈  is a mother wavelet, 
and meets the admissible condition of a wavelet. Then 
∞<∫ ωω
ωψ
d
R
2)(
                                     (4.6) 
Where  ( )ψ ω  is Fourier transform of ( )xψ , 
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ω  is the angular frequency. 
The wavelet function with a scale a  is shown below: 
)(1)(
a
x
a
xa ψψ =                                       (4.7) 
According to Mallat’s definition, the wavelet transform ( , )WTf x aψ of a arbitrary 
function )(L∈)( 2 Rxf  is the convolution of ( )f x  and )(xaψ , 
1( , ) ( )* ( ) ( ) ( )a
xWTf x a f x x f d
a aψ
τψ τ ψ τ+∞−∞
−= = ∫            (4.8) 
Suppose )(xθ  is a low-pass filter function, and has the first and second derivatives 
denoted by )(xξ  and )(xη . In accordance with the differential properties of the 
Fourier transform, it is concluded that both )(xξ  and )(xη  meet the admissible 
condition and can be regarded as the wavelet mother function for wavelet transform. 
With the elastic factor a  ( 0a > ) introduced, the following equation can be derived, 
1 1( ) ( )a x a a
θ θ=                                              (4.9) 
For an arbitrary signal function )()( 2 RLxf ∈ , the wavelet transform at position τ  
with a scale as a  is as follows, 
)](*)([)()(1),( xxf
dx
dad
a
xf
a
axfWT aθττξτξ =−= ∫∞
∞−
              (4.10) 
)](*)([)()(1),( 2
2
2 xxf
dx
dad
a
xf
a
axfWT aθττητη =−= ∫∞
∞−
            (4.11) 
Figure 4.10 and Figure 4.11 show that first the original signal )(xf  is filtered and its 
noises are smoothed, then the change rate of )(xf  is calculated by a differential 
operation. If there is a change point in )(xf , the change rate at this point is 
maximum, that is the modulus maximum of the wavelet factor. So the position where 
the extreme point ),( axfWTξ  exists can be regarded as one point of the line edge 
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signal )(xf . 
),( axfWTη  is the second derivative of )(xf  which is filtered by )(xaθ . The zero 
point of the second derivative of a function corresponds to the extreme point of the 
first derivative. So the zero point of ),( axfWTη  is employed to detect the edge 
position of the signal )(xf . Usually the original signal )(xf  includes different 
kinds of noise, causing ),( axfWTη  to have many zero points; it is very difficult to 
detect the real position of a line edge with ),( axfWTη . In engineering applications it 
is necessary to employ the modulus maximum ),( axfWTξ  to detect the real line 
edge of the signal )(xf . 
 
Figure 4.10 - Diagram of the equivalent wavelet transform of ),( axfWTξ [4.22]. 
 
 
Figure 4.11 - Diagram of the equivalent wavelet transform of ),( axfWTη [4.22]. 
4.5.3.3. Lipschitz Power Discrimination of a Noise Singular Point 
For an image which includes additive Gaussian white noise, the maximum of the 
wavelet transform factor may correspond to a noise point, instead of a characteristic 
edge point. Hence it is necessary to find and delete these modulus maxima after their 
detection. The Lipschitz exponent (also called L  exponent in the following sections) 
can be employed to detect these noise points. Mallat has proved that if the L  
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exponent of a function 1 2( , )f x x  is a , the modulus maximum satisfies the following 
inequalities[4.23], 
( 0.5)
1 2(2 , , ) 2
j j aMod WTf x x A +⎡ ⎤ ≤⎣ ⎦                        (4.12) 
That is, 
[ ] AjaxxWTfMod j 2212 log)5.0(),,2(log ++≤             (4.13) 
Where  A  is a constant, 
j  is the scale, 
a  is the L  exponent. 
The above inequalities show that the modulus maximum of a wavelet transform is not 
larger than )5.0(2 +ajA  at the scale 2 j , and are always employed for wavelet 
transform-based detection of noise singular points. 
4.5.3.4. Wavelet Transform-based Multiscale Line Edge Detection 
According to the principle mentioned above, one HRTEM image was selected and 
smoothed with a Gaussian filter, see Figure 4.12(a). The filtered HRTEM image was 
scanned and the signal intensities of a line profile were obtained, see Figure 4.12(b). A 
wavelet function was selected to transform every scan line of the image, and the 
modulus maximums of the wavelet transform factors at different scales were 
calculated. Figure 4.12(c) shows the modulus maximum of a signal intensity line. 
According to Eq.(4.13) the singular point was determined. If a  was larger than or 
equal to zero and the corresponding modulus maximum of the wavelet transform 
decreased gradually when the scale j increased, the point was regarded as a line edge 
point. If a  was less than zero and the corresponding modulus maximum of the 
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wavelet transform decreased more rapidly along when the scale decreased, the point 
was regarded as a noise point. 
The value of a modulus maximum which corresponded to a line edge point was 
determined. In this chapter it was considered that the position accuracy of the 
modulus maximum was highest when the condition that 1s =  was met. All detected 
edge points were connected to form the line edge profile, see Figure 4.12(d). 
  
(a) Filtered HRTEM image. (b) A signal intensity line of HETEM image. 
  
(c) Modulus maximum line of the 
wavelet transform. 
(d) Extracted line edge profiles. 
Figure 4.12 - Steps of the wavelet transform-based multiscale line edge detection. 
Figure 4.13 shows the detected line edge positions of the linewidth specimen by the 
wavelet transform-based multi-scale line edge detection. It shows that this kind of line 
edge detection is less affected by noise in the original image, and can extract the line 
edge position accurately. 
4.5.4. Fitting of the Detected Line Edges 
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Fit is defined as an operation in which an ideal feature approaches a non-ideal feature. 
There are two kinds of datum lines to be fitted for the detected line edges [4.24]. One 
is the least-squares datum, the other the arithmetic average datum. The former is more 
accurate than the latter, but the latter is easy to use in some cases where the required 
accuracy is not high. In this thesis the least-squares method is employed to fit the 
datum line for the detected line edges, so that subsequent nanoroughness 
characterization can be conducted. 
 
(a) Original HRTEM image of the 
nanolinewidth specimen. 
(b) Line edge profiles extracted from the 
red box in Figure 4-13(a). 
  
(c) Original HRTEM image of the nanopitch 
specimen. 
(d) Line edge profiles extracted from the 
red box in Figure 4-13(c). 
Figure 4.13 - Wavelet transform-based multi-scale line edge detection for the 
nanolinewidth and nanopitch specimens. 
4.5.5. Characterization of Line Edge Profiles 
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After determining the line edge profiles of the nanolinewidth/nanopitch specimens 
from an HRTEM image, the analysis and characterization of its nanoroughness 
follows. According to section 3.2.2 in Chapter 3, the following three descriptors are 
employed to characterize the LER/LWR of the line edges: RMS σ , HHCF and PSD. 
4.5.5.1. RMS σ  
According to the definition and relevant algorithms introduced in section 3.2.2.1 of 
Chapter 3, RMS σ  of the LER/LWR of a line edge profile was calculated. Table 4.2 
and Table 4.3 show the RMS σ  values of LER/LWRs of the nanolinewidth and 
nanopitch specimens shown in Figure 4.13. The line edge roughness includes the right 
and left line edge roughnesses respectively. 
Table 4.2 - Linewidth and RMS σ  of LER/LWRs of the nanolinewidth specimen. 
Nominal 
linewidth(nm) LER
σ  of left edge LER
σ  of right 
edge 
LWRσ  of 
linewidth 
Fabricated 
linewidth(nm) 
2 0.15 0.17 0.20 2.18 
4 0.26 0.18 0.31 3.73 
6 0.19 0.18 0.24 5.61 
8 0.24 0.22 0.26 7.84 
 
Table 4.3 - Pitch and RMS σ  of LER/LWR of the nanopitch specimen. 
Nominal 
pitch(nm) LER
σ  of left edge LERσ  of right 
edge 
LWRσ  of 
linewidth 
Fabricated 
pitch(nm) 
5 0.197 0.19 0.22 4.29 
5 0.22 0.24 0.32 4.65 
5 0.20 0.19 0.31 4.92 
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4.5.5.2. Height-height Correlation Function(HHCF) 
The HHFCs of all extracted line edges shown in Figure 4.13 (b) and Figure 4.13 (d) 
were calculated according to the definition and the algorithms of HHFC described in 
section 3.2.2.2 of Chapter 3. Figure 4.14 gives the HHCF of the left edge of the 4nm 
grating line shown in Figure 4.13 (b). Figure 4.15 shows the HHCF of the left edge of 
the first grating line shown in Figure 4.13 (d). The correlation length ξ  of the line 
edges of the nanolinewidth and nanopitch specimens were calculated accordingly and 
shown in Table 4.4 and Table 4.5. 
Figure 4.14 - The HHCF of a grating line whose 
nominal linewidth is 4nm shown in Figure 4.13(b).
Figure 4.15 - The HHCF of the left edge of the first 
grating line shown in Figure 4.13(d). 
Table 4.4 - Correlation length ξ  of the line edges of the nanolinewidth specimen. 
Norminal linewidth(nm) 2 4 6 8 
Left edge 1.44  1.51  1.18  1.63 
Correlation length ξ (nm) 
Right edge 1.62 1.48  2.04  1.20 
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Table 4.5 - Correlation length ξ  of the line edges of the nanopitch specimen. 
Nominal pitch (nm) 5 5 5 
Left edge 1.28 1.22 1.32 
Correlation length ξ (nm) 
Right edge 2.05 1.60 1.70 
4.5.5.3. Power Spectral Density(PSD) 
The PSDs of all extracted line edges shown in Figure 4.13 (b) and Figure 4.13 (d) 
were calculated according to the definition and the algorithms of PSD described in 
section 3.2.2.3 of Chapter 3,. Figure 4.16 gives the PSD of the left edge of the 4nm 
grating line shown in Figure 4.13 (b). Figure 4.17 shows the PSD of the left edge of 
the first grating line shown in Figure 4.13 (d). 
Roughness exponent α  of the line edges of the nanolinewidth and nanopitch 
specimens were derived from the PSD curves and are shown in Table 4.6 and Table 
4.7. 
  
Figure 4.16 - PSD of the left line edge whose 
norminal linewidth is 4nm as shown in Figure 
4.13(b). 
Figure 4.17 - PSD of the left line edge of the first 
grating line as shown in Figure 4.13(d). 
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Table 4.6 - Roughness exponent α  of the line edges of the nanolinewidth specimen. 
Nominal linewidth (nm) 2 4 6 8 
Left edge 0.27 0.47 0.32 0.20 
Roughness exponent α  
Right edge 0.32 0.29 0.40 0.07 
 
Table 4.7 - Roughness exponent α  of the line edges of the nanopitch specimen. 
Nominal pitch (nm) 5 5 5 
Left edge 0.36 0.44 0.36 
Roughness exponent α  
Right edge 0.30 0.22 0.30 
 
4.6. Nanoroughness-based Process Regulation for Nanolinewidth 
and Nanopitch Specimens 
Table 4.2 shows the fabricated linewidthes and RMS σ  of the LER/LWR of the 
nanolinewidth specimen. Table 4.3 shows the fabricated pitches and RMS σ  of 
LER/LWR of the nanopitch specimen. LWRs of the grating lines of the nanolinewidth 
specimen are 0.20nm, 0.31nm, 0.24nm, and 0.26nm respectively. Its average is 
0.25nm, and the maximum difference 0.11nm. LWRs of the grating lines of the 
nanopitch specimen are 0.22nm, 0.32nm, and 0.31nm respectively. Its average is 
0.28nm, and the maximum difference 0.09nm. It can be concluded from the above 
quantitative analysis that the quality of line edges is high, and the uniformity of line 
edge profiles meets the corresponding requirements of nanolinewidth and nanopitch 
specimens. The linewidths of all the fabricated lines (except the line whose nominal 
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linewidth is 2nm) of the nanolinewidth and the nanopitch specimens are a little 
smaller than the relevant nominal sizes, this suggests that more epitaxy time is needed 
to deposit every AlGaAs layer to increase nominal linewidthes and nominal pitch of 
the nanolinewidth and nanopitch specimens respectively. 
Table 4.4 demonstrates the roughness exponents of the line edges of the fabricated 
nanolinewidth specimens. Table 4.5 shows that of the fabricated nanopitch specimen. 
For the nanolinewidth specimen, the correlation lengths ξ  of the left line edge are 
1.44nm, 1.51nm, 1.18nm and 1.63nm respectively, and that of the right line edge are 
1.62nm, 1.48nm, 2.04nm and 1.20nm. Their averages are 1.44nm and 1.34nm, and 
their maximum differences are 0.45nm and 0.85nm respectively. This demonstrates 
that in real space both the left and the right line edges have similar profiles, while the 
right line edges look a little rougher than the left ones and the average of the 
correlation lengths of the left line edges are a little larger than that of the right ones. 
This conclusion is also confirmed by the analysis of the roughness exponents shown 
in Table 4.6 and Table 4.7. For the roughness exponents of the left line edges of the 
nanolinewidth specimen, the average value is 0.32, and the maximum difference is 
0.27. With regard to the roughness exponents of the right line edges of the 
nanolinewidth specimen, the average value is 0.27, and the maximum difference is 
0.33. This shows that all the left line edges and the right line edges of the 
nanolinewidth specimen have almost the same frequency components, the right line 
edges are a little rougher than the left ones, and the consistency of all the left and right 
line edges is acceptable. The conclusion obtained from the analysis of the correlation 
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lengths agrees with that from the analysis of the roughness exponents. With regard to 
the nanopitch specimens, similar conclusions can be reached about the line edges. 
All these show that the material selection and the MBE process can meet the 
requirements for the fabrication of nanolinewidth and nanopitch specimens. 
4.7. Summary 
In this chapter a method to observe the thicknesses of the deposited multilayers on a 
substrate as the norminal linewidth and norminal pitch of the nanolinewidth and the 
nanopitch specimens was introduced, and a fabrication process based on MBE was 
presented to fabricate these kinds of nanolinewidth and nanopitch specimens, whose 
nominal linewidthes are 2nm, 4nm, 6nm, 8nm respectively, and the nominal pitch is 
5nm. Taking image contrast and mismatch ratio between the epitaxial material and the 
substrate material into consideration, GaAs and AlGaAs were selected for the 
fabrication of the nanolinewidth and nanopitch specimens. HRTEM was used to 
measure the grating lines of the fabricated nanopatterns. Image processing was 
employed to conduct noise-smoothing and extraction operations for these HRTEM 
images. Three descriptors of the LER/LWR of the line edges were used to 
characterize the quality of grating lines of the nanopatterns fabricated with the MBE 
technique. The result shows that the material selection and MBE process can meet the 
requirements for the fabrication of nanolinewidth and nanopitch specimens. 
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CHAPTER 5 
FABRICATION AND NANOROUGHNESS 
CHARACTERIZATION OF A CAPACITOR WITH 2HfO  AS A 
HIGH k  DIELECTRIC FILM 
5.1. Introduction 
This chapter presents a study to establish the relationship between the roughness as a 
result of nanofabrication and the performance of a metal-insulator-semiconductor 
(MIS) capacitor. The direct relationships between nanoroughness as a result of 
fabrication and the performance of an electric component provide a necessary 
reference for the conventional quality of fabrication[5.1]. The MIS capacitor is one of 
the most used components for establishing these relationships[5.2, 5.3]. It is also used 
in this research. 
A prototype MIS capacitor with a hafnium oxide ( 2HfO ) film as the high k  
dielectric was fabricated, the surface and interface roughness were characterized, and 
its performance was measured. From analysis, the direct relationships between the 
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MIS capacitor performance and corresponding fabrication parameters were 
established, so that relevant fabrication process can be regulated and the MIS 
capacitor quality improved. 
In the following sections, the design of the MIS capacitor is first introduced, including 
selection of 2HfO  as the high k  dielectric film and Mo  as the upper electrode, as 
well as the detailed MIS capacitor structure. It is followed by fabricating the MIS 
capacitors, including deposition and annealing processes for 2HfO  dielectric on a 
Si  substrate. Then it proceeds to the performance measurement of the MIS 
capacitors, including the leakage current density and capacitance–voltage(C-V) 
property. This chapter continues with characterization of surface roughness of 2HfO  
films with an AFM and interface roughness with an SEM. Finally the relationships 
between the MIS capacitor performance, corresponding annealing temperature and 
relevant roughness are briefly discussed to further regulate the relevant fabrication 
process. 
5.2. Design of the MIS Capacitor With 2HfO  as a High k  
Dielectric 
5.2.1. Background on a MIS capacitor 
Usually silicon dioxide is employed as the dielectric material for an MIS capacitor 
adopted in semiconductor devices. With continuous development of semiconductor 
devices, the equivalent oxide thickness ( EOT ) of silicon dioxide is becoming so thin 
that its leakage current is too large, worsening the stability and reliability of relevant 
devices [5.4]. In order to improve the device performance it is imperative to introduce 
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new high k  dielectrics to replace silicon dioxide. Most high k  dielectrics have the 
following distinct characteristics, such as higher dielectric constant, larger band gap 
as well as better mechanical and thermal stabilities[5.5]. For example, in CMOS 
(complementary metallic oxide semiconductor) devices, the physical thickness of the 
gate dielectric increases significantly with the introduction of a high k  
dielectric[5.6]. Since the relationship between the gate leakage current caused by the 
quantum tunneling effect and the thickness of the gate dielectric is exponential, the 
increase of the gate dielectric thickness will significantly decrease the direct tunneling 
effect [5.7]. 
The EOT  is expressed as[5.8] 
0ox
meas meas
A AEOT
C C
ε εε= =                          (5.1) 
where  oxε  is the dielectric constant of 2SiO , 
A  is the capacitor area, 
measC  is the measured capacitance, 
ε   is the dielectric constant of high k  gate dielectric, 
0ε  is the vacuum permittivity. 
Eq. 5.1 shows that, with the unit gate capacitance kept constant, the physical thickness 
of the high k  dielectric will become larger than that of silicon dioxide, significantly 
decreasing the gate leakage current. 
5.2.2. Selection of 2HfO  as a High k  Dielectric for the MIS Capacitor 
Generally high k  dielectric materials include nitrides, oxides and ferroelectric 
materials. The dielectric selection is mainly based on the comparisons between the 
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properties of dielectric materials, such as the dielectric constant, the band gap and the 
difference of its conduction band to that of the corresponding substrate, see Table 
5.1[5.9]. 
Table 5.1 - Comparison of relevant properties for some high k  dielectrics and silicon 
oxides[5.9]. 
Material 
Dielectric 
constant ( k ) 
Band gap 
Eg(eV)  
The conduction 
band difference 
to Si △Ec（eV）
Crystal structure
2SiO  3.9 8.9 3.2 amorphous 
3 4Si O  7 5.1 2 amorphous 
2 3Al O  9 8.7 2.8 amorphous 
2 3Y O  15 5.6 2.3 Cubic crystal 
2 3La O  30 4.3 2.3 
Hexagonal 
crystal, cubic 
crystal 
2 3Ta O  26 4.5 1-1.5 Rhombic 
2TiO  80 3.5 1.2 Pyramidal crystal
2HfO  25 5.7 1.5 
Monoclinic, 
pyramidal, cubic
2ZrO  25 7.8 1.4 
Monoclinic, 
pyramidal, cubic
Table 5.1 shows that the energy gaps of 2 5Ta O  and 2TiO  are very small, hence the 
differences to the barrier of Si  conduction band are small too, resulting in larger 
leakage current and demonstrating that 2 5Ta O  and 2TiO  are not the ideal substitutes 
as high k  dielectric materials. With regard to 2HfO  and 2ZrO , their dielectric 
constants and energy gaps are larger, the differences to the barrier of Si  conduction 
band are larger too, leading to smaller leakage current and their popularity as high k  
dielectrics in the microelectronics industry. With the introduction of high k  gate 
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dielectric materials, such as 2HfO  and 2ZrO , into MOS devices, the leakage current 
density of their gate dielectric can decrease at least 4 orders of magnitude while their 
physical thickness is increasing (provided that their EOT s are the same)[5.9]. In this 
chapter, 2HfO  was selected as the high k  dielectric for the MIS capacitor. 
5.2.3. Design of the MIS Capacitor with 2HfO  as High k  Dielectric 
Figure 5.1 shows a diagram of the MIS capacitor with 2HfO  as the high k  
dielectric. Here the upper electrode Mo  is of metal, the 2HfO  layer is the dielectric, 
and there is a p Si−  substrate plus lower Al  electrode as the semiconductor for the 
MIS capacitor, which is named an 2/ / /Mo HfO Si Al  structure. The area of the 
upper electrode is about 1mm2, which will be fabricated by the lift-off 
technique[5.10]. 
 
Figure 5.1- Diagram of the MIS capacitor with 2HfO  as high k  dielectric. 
5.3. Fabrication of the MIS Capacitor with 2HfO  as the High k  
Dielectric 
A (100)p Si−  wafer with a resistivity of 5-10Ω·cm was selected as the substrate. 
Before depositing 2HfO  on the Si  substrate, pollutants as well as oxides on the 
substrate were removed. The substrate was cleansed with isopropanol, propanol and 
Silicon substrate 
Bottom electrode (Al) 
Upper electrode (Mo) 
HfO2 film (60nm) 
1 mm 
40
0 
μm
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de-ionized water respectively. Then buffer oxide etch (BOE) was used to etch the 
natural oxides on Si  substrate for 60 seconds, and de-ionized water was employed 
again to cleanse the substrate. Finally the substrate was dried with nitrogen gas. 
For the fabrication processes of the MIS capacitors, 2HfO  films of high quality 
should be deposited on the cleaned substrates first, then annealed to improve the 
dielectric properties. 
5.3.1. 2HfO  Deposition on a Si  Substrate 
There are several kinds of processes to deposit Hf -base high k  dielectric films, 
such as chemical RF-(or DC-) magnetron sputtering, atomic layer deposition (ALD), 
vapor deposition (CVD), pulsed laser deposition (PLD), etc[5.11-5.13]. In this 
research, a UHV multifunction magnetron sputtering system shown in Figure 5.2 
(Model: JGP560, CAS Shenyang Instrument Co., China) was employed to deposit a 
2HfO  high k  dielectric layer on the Si  substrate. 
For depositing the 2HfO  film, Hf  with a purity of 99.99% was selected as the 
target material whose diameter is 100mm. Background vacuum of the vacuum 
chamber was set as 41.7 10 Pa−×  with a molecular pump. Three parameters should be 
tuned carefully in order to get high quality Hf  film, such as the sputtering pressure, 
the substrate temperature and the sputtering power. The sputtering pressure was 
controlled with the mass fluxes of 2O  and Ar , the substrate temperature with a 
resistor heater and a FP93 temperature controller, and the sputtering power with a 
sputtering source whose power was 1kW and the frequency was 13.56MHz. The 
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sample table on which the substrate was placed rotated during deposition process to 
improve the film quality. 
 
Figure 5.2- UHV multifunction magnetron sputtering system used to deposit the 2HfO  dielectric. 
During the deposition process, the sputtering pressure was set as 0.25Pa, the mass flux 
of 2O  and Ar  as 1.0 sccm (standard cubic centimeter per minute) and 11.84 sccm 
respectively, the substrate temperature as 300℃, and the power of target Hf  as 
150W. In these instances the sputtering rate of 2HfO  was 0.0217nm/s. So for the 
deposition of a 60nm 2HfO  film, the sputtering time should be 46 minutes. 
One point that should be noted during above deposition process is that the mass fluxes 
of 2O  and Ar  might be adjusted separately, but the mass flux ratio of 2O  to Ar  
should be kept constant, enabling the sputtering pressure to remain unchanged. 
5.3.2. Annealing Process of the Deposited 2HfO  Films 
A muffle furnace was employed to anneal deposited 2HfO  films under atmospheric 
pressure. The sample was placed in a quartz crucible and heated to a preset 
temperature, then cooled down along with the hearth of the quartz crucible to 
atmospheric temperature. For deposited 2HfO  whose nominal thickness is 60nm, 
annealing temperatures were preset as 700℃, 800℃, 850℃ and 900℃ respectively. 
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5.3.3. Fabricating the MIS Capacitor With 2HfO  as the Dielectric 
Once 2HfO  films were deposited on Si  substrates and annealed properly, the Mo  
electrodes with an area 21mm  were fabricated by the lift-off technique. Then Al  
electrodes were deposited with the magnetron sputtering system on the other side of 
the Si  substrate whose natural oxide had been etched away with BOE. Figure 5.3 
shows the brief fabrication flow of the MIS capacitor ( 2/ / /Mo HfO Si Al ). 
 
Figure 5.3- Fabrication flow of the electrodes of the MIS capacitor. 
The detailed fabrication flow is summarized as follows: an 2HfO  film with nominal 
thickness of 60nm was deposited in the magnetron sputtering system. AZ4903 
positive resist (Clariant Corporation, USA) was spun on the Si  substrate on which 
the 60nm 2HfO  layer was deposited. The rotation speed was 300 revolutions/s for 30 
seconds first, then 1000 revolutions/s for 60 seconds. Upon completion of the resist 
spinning, the substrate was pre-baked on a heat band whose temperature was set at 90
℃ for 2 minutes. The pre-baked resist was exposed 10 seconds on the aligner (type: 
350/NUV/DCCD, ABM Co., USA) and then developed for 1 minute. The substrate 
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was post-baked on the heat band again for 5 minutes. Mo  film was deposited on the 
resist patterns in the sputtering system. The purity of the Mo  target was 99.99%, the 
sputtering pressure 0.45Pa, the sputtering power 100W, and the deposited thickness of 
the Mo  was set as 200nm. Resist patterns (as well as Mo  patterns which were on 
the resist) were formed by acetone etching, and the patterns of the Mo  electrodes 
were produced. The substrate was cleaned again, and the natural oxide produced 
during above annealing process on the reverse side of the substrate was etched away 
with BOE. An Al  film was sputtered on the reverse side of the substrate in the 
sputtering system. The diameter of the Al  target was 100mm and its purity 99.99%, 
the sputtering pressure was 0.45Pa in an Ar  atmosphere and the sputtering power 
was 100W. The fabricated MIS capacitors are shown in Figure 5.4. 
  
Figure 5.4. The fabricated MIS capacitors. Figure 5.5 – Δ and ψ curves of 2HfO  dielectric film.
5.4. Measurement and Characterization of the MIS Capacitor 
The annealing temperature for the 2HfO  film is one of the main influential factors 
which impact on the leakage current, the EOT  and the dielectric constant of the MIS 
capacitor. In the following sections, the effects of annealing temperature on the 
performance of MIS capacitor will be discussed in detail. 
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5.4.1. The Thickness Measurement of the 2HfO  High k  Dielectric 
Spectroscopic ellipsometry (SE) (SEME-1000, Nano-view, Republic of Korea) was 
used to measure the thickness of the deposited 2HfO  films. The range of the optical 
wavelength was 330~850nm, and its energy range was 1.5eV~3.7eV. Figure 5.5 
demonstrates the full spectra for the amplitude Δ and the phase ψ of the reflected 
polarized light as a function of the wavelength from the SEME-1000 SE for the 2HfO  
high k  dielectric material, which were used to determine the thickness of the 
deposited dielectric layer. The Cauchy model was used in the system to deduce the 
thickness and optical constants of the deposited film[5.14]. Here the thickness 
obtained was 61.27nm, a little larger than the nominal thickness. 
5.4.2. X-ray Diffraction (XRD) Analysis of the Annealed 2HfO  High k  
Dielectric 
An X-ray diffractometer (D/MAX-2400, Rigaku Co., Japan) was employed to analyze 
the phase structures of the 2HfO  high k  dielectric layers after different annealing 
processes. Copper Kα  radiation of wavelength is 0.154nm was used to obtain the 
diffraction pattern. Figure 5.6 shows XRD patterns of 2HfO  films as a function of 
the annealing temperature. 
For all the 2HfO  samples before and after the annealing process, diffraction peaks 
corresponding to the (111) crystal plane appear at 28.26°, demonstrating that a slight 
crystallization of the 2HfO  films occurred during the deposition process. Two 
factors induce the crystallization process, one is the thickness of deposited 2HfO  
film (crystallization will start when the thickness of the 2HfO  film is larger than a 
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threshold value), the other is the higher temperature of the Si  substrate. For all 
allotropes of 2HfO  films, the monoclinic one is a stable phase at low temperature. So 
it can be concluded that part of the deposited 2HfO  film is crystallized into the 
monoclinic phase, not the other allotropes, such as tetragonal and orthogonal 
crystalline structures. With increasing annealing temperatures, the grain sizes also 
increased, causing surface fluctuation of the deposited 2HfO  films. 
 
Figure 5.6 - XRD patterns of the deposited 2HfO  films. 
For 2HfO  films annealed at 700℃ and 850℃, diffraction peaks corresponding to 
the (200) crystal plane occurred at 32.82°. But for the other samples the peaks did not 
appear. This means that the peaks were produced by the Si  substrate, not the 2HfO  
films. At 69.16° all samples showed strong diffraction peaks corresponding to the 
(400) crystal plane of the Si  substrate. 
5.4.3. The Leakage Current of the MIS Capacitor 
A SCS4200 semiconductor parameter analyzer (Keithley SCS4200, Keithley 
Instruments Inc, USA) was employed to measure the leakage current densities of the 
HfO2 
Si
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MIS capacitors with 2HfO  as dielectric, see Figure 5.7. Annealing temperatures of 
the deposited 2HfO  layers were 700℃, 800℃, 850℃ and 900℃ respectively.  
 
Figure 5.7 - Comparison of leakage current densities of 2HfO  layers. 
From Figure 5.7 one can conclude that the leakage current densities of 2HfO  layers 
annealed at 800℃ and without annealing are larger than those of 2HfO  layers 
annealed at 700℃, 850℃ and 900℃. The leakage current densities with a voltage of 
1V are 6 20.9 10 /A cm−×  and 5 22 10 /A cm−×  respectively. Its larger leakage current 
density suggested that partial crystallization might occur in the 2HfO  layer during 
the deposition process at 300℃ . For the 2HfO  layer annealed at 800℃ , 
crystallization of amorphous phases also might occur during the annealing process, 
increasing the leakage current density. 
With regard to 2HfO  layers annealed at 700℃, partial crystallization occurred in the film as 
deposited decreased, effectively increasing insulation and decreasing the leakage current density. 
For 2HfO  layers annealed at 850℃ and 900℃, the size of crystalline grain increased and 
crystallization of amorphous phases weakened, decreasing the leakage current density. 
5.4.4. The C-V Property of the MIS Capacitor 
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The C-V properties of the MIS capacitors were measured with a Keithley 590 CV 
Analyzer (Keithley 590CV, Keithley Instruments Inc, USA). The voltage was 50mV, 
and the frequency 100kHz, the range of the scanning gate voltage -3V~4V. Figure 5.8 
shows C-V properties of the MIS capacitors with 2HfO  films annealed at different 
temperatures. 
The C-V property of the MIS capacitor demonstrated its capacitances and the 
corresponding applied voltages, and was employed to characterize the dielectric 
properties of the 2HfO  layer. For a real MIS structure, the C-V property may deviate 
from that of an ideal MIS capacitor (whose C-V curve is a sigmoid one) because of 
the charges trapped at the interface and in the oxide layer, as well as the difference of 
the work functions. 
C-V curves of the film which was not annealed (its deposition temperature was about 
300℃) and the film which is annealed at 700℃ are nearly sigmoid ones. Using Eq. 
5.1 EOT s of the films were obtained as 300 31.38CEOT nm° = , and 
700 24.65CEOT nm° = , and their dielectric constants were 7.49 and 9.49 respectively. 
The C-V curve of the film annealed at 800℃ deviates from the ideal one very much 
and the dielectric constant is so small as to be almost negligible. The C-V curves of 
the films annealed at 850℃ and 900℃deviates from the sigmoid curve significantly 
and their dielectric constants can be regarded as being zero. 
It is concluded that the dielectric performance was degraded when the annealing 
temperatures were larger than 700℃, that is, as the annealing temperature increased 
up to 700℃, the leakage current decreased continuously. 
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(a) Annealed @ 700℃. (b) Annealed @ 800℃. 
 
(c) Annealed @ 850℃. (d) Annealed @ 900℃. 
Figure 5.8 - Comparison of C-V properties of 2HfO  films which did and did not undergo the 
annealing process. 
 
5.5. Nanoroughness Metrology and Characterization of the MIS 
Capacitor 
Surface roughness and interface roughness of the MIS capacitor were measured. Since 
surface roughness may change during follow-up fabrication processes, more attention 
was paid to the characterization of the interface roughness at the interfaces 
2/Mo HfO  and 2 /HfO Si . The surface roughness of every 2HfO  dielectric film was 
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measured directly with an AFM before depositing the Mo  electrode film. For 
interface roughness of the 2/Mo HfO  and 2 /HfO Si  interfaces, SEM images of the 
interfaces were first obtained. Then the images were noise-smoothed and the line edge 
profiles were extracted according to algorithms introduced in Sections 4.5.2 and 4.5.3 
of Chapter 4. Finally LER/LWR of the interfaces was characterized using to the 
relevant algorithms described in Section 3.2.2 of Chapter 3. 
5.5.1. Surface Roughness of the Deposited 2HfO  Dielectric Films 
Figure 5.9 shows AFM images of deposited 2HfO  films not annealed and annealed 
at different temperatures (Nanoscope III, Veeco Instruments Inc., USA). 
Surface roughnesses Ra  of 2HfO  films were 1.29nm (as deposited), 1.03nm 
(annealed at 700℃), 0.91nm (annealed at 800℃), 1.28nm (annealed at 850℃) and 
0.64nm (annealed at 900℃), and the standard deviation was 0.27nm. The roughness 
of the 2HfO  film as deposited was high, indicating that the dielectric film quality 
needed to be improved by annealing. With increasing annealing temperatures, surface 
roughness first decreased, then started to increase at an annealing temperature 800℃. 
For the films annealed at temperatures of 700℃ and 800℃, surface roughness 
decreases to 1.03nm and 0.91nm, showing the dielectric quality had improved. For 
dielectric films annealed at 850℃ and 900℃, surface roughness was smaller than 
that when deposited. Although the surfaces are smoother, crystallization occurred, 
degrading the quality 2HfO  dielectric significantly. 
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(a) As-deposited. (b) Annealed @ 700℃. (c) Annealed @ 800℃. 
  
(d) Annealed @ 850℃. (e) Annealed @ 900℃. 
Figure 5.9 – AFM images of 2HfO  films which were not annealed and annealed at different temperatures. 
5.5.2. Interface Roughness at the 2/Mo HfO  and 2 /HfO Si  Interfaces 
Figure 5.10 shows SEM (JSM-6700F, JEOL Ltd., Japan) images of 2/Mo HfO  and 
2 /HfO Si  interfaces. The sample shown in Figure 5.10(a) did not undergo an 
annealing process, while samples shown in Figure 5.10(b)-(e) were annealed at 700℃, 
800℃, 850℃ and 900℃respectively. The images in Figure 5.10 correspond to the 
respective AFM images of the dielectric films shown in Figure 5.9. These two kinds 
of roughness should agree with each other and have similar effects on the MIS 
capacitor performance. Since cross-sections of the samples were not adjusted 
perpendicular to the electron beam of the SEM during the SEM measurement process, 
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the sample tilt culd be evaluated by comparing the thickness measured with the SEM 
to that measured with the SEME-1000 SE as mentioned in Section 5.4.1 of this 
chapter. 
5.5.2.1. Filtering of the SEM Images 
Compared with other filters mentioned in Section 4.5.2 of Chapter 4, a Gaussian filter 
was selected to smooth the SEM images. Figure 5.11 demonstrates the noise 
smoothed SEM images that correspond to the images shown in Figure 5.10. 
5.5.2.2. Extraction of the Line Edge Profiles 
The Canny operator was chosen to detect line edge profiles of filtered SEM images in 
Figure 5.11 according to the comparison of various extraction operators in Section 
4.5.3 of Chapter 4. Extracted line edge profiles of the dielectric 2HfO  films and Mo  
films are shown in Figures 5.12 and 5.13 respectively. 
5.5.2.3. Fitting of the Datum Lines 
The detected data were analyzed by the least-squares method, as introduced in Section 
4.5.4 of Chapter 4 in order to get datum lines of line edge profiles, and further to 
characterize corresponding LER/LWRs. 
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(a) As-deposited. 
  
(b) Annealed @ 700℃. (c)Annealed @ 800℃. 
  
 (d) Annealed @ 850℃. (e) Annealed @ 900℃. 
Figure 5.10 - SEM aerial images of the 2/Mo HfO  and 2 /HfO Si  interfaces. 
 
Si substrateMo 
HfO2 
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(a) As-deposited. 
  
(b) Annealed @ 700℃. (c)Annealed @ 800℃. 
 
(d) Annealed @ 850℃. (e) Annealed @ 900℃. 
Figure 5.11 - The SEM images filtered with a Gaussian filter. 
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5.5.2.4. Characterization of Interface Roughness 
As introduced in the relevant sections of Chapter 3, the following descriptors were 
employed to characterize the interface roughness of the MIS capacitor: RMS σ , 
HHCF and PSD of the line edge profiles. 
? RMS σ  
The descriptor and relevant algorithms introduced in Section 3.2.2.1 of Chapter 3 
were employed to characterize LER/LWRs of the extracted line edge profiles 
demonstrated in Figures 5.12 and 5.13. Corresponding RMS LERσ  and LWRσ  are 
shown in Table 5.2. 
? HHCF 
As mentioned in Section 3.2.2.2 of Chapter 3, HHCF was employed to calculate 
correlation length ξ  and to investigate the spatial characteristics of interface 
roughness of the 2/Mo HfO  and 2 /HfO Si  interfaces. Figures 5.14 and 5.15 show 
HHCF curves of line edge profiles of the deposited dielectric 2HfO  and Mo  films 
respectively. Calculated correlation lengths ξ  from HHCF curves are shown in 
Table 5.3. 
? PSD 
As explained in Section 3.2.2.3 in Chapter 3, the PSD was employed to calculate 
roughness exponents α  and to investigate frequency properties of line edge profiles. 
Figures 5.16 and 5.17 show PSD curves of deposited dielectric 2HfO  and Mo  films 
respectively. Calculated roughness exponents α  from OSD curves are shown in 
Table 5.3. 
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(a) As deposited (within the red box in Fig.5.15). 
  
(b) Annealed at 700℃. (c) Annealed at 800℃. 
  
(d) Annealed at 850℃. (e) Annealed at 900℃. 
Figure 5.12 - Extracted 2HfO  line edge profiles 
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(a) As-deposited. 
  
(b) Annealed at 700℃. (c) Annealed at 800℃. 
  
(d) Annealed at 850℃. (e) Annealed at 900℃. 
Figure 5.13 - Extracted Mo  line edge profiles. 
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 (a) As deposited (within the box marked in red in Fig.5.15). 
  
(b) Annealed at 700℃. (c) Annealed at 800℃. 
(d) Annealed at 850℃. (e) Annealed at 900℃. 
Figure 5.14 - HHCF curves of line edges profiles (dielectric 2HfO  films). 
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 (a) As deposited (within the box marked in red in Fig.5.15). 
 
(b) Annealed at 700℃. (c) Annealed at 800℃. 
 
(d) Annealed at 850℃. (e) Annealed at 900℃. 
Figure 5.15 - HHCF curves of line edges profiles ( Mo  films). 
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 (a) As deposited (within the box marked in red in Fig.5.15). 
  
(b) Annealed at 700℃. (c) Annealed at 800℃. 
  
(d) Annealed at 850℃. (e) Annealed at 900℃. 
Figure 5.16 - PSD curves of line edges profiles (dielectric 2HfO  films). 
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 (a) As deposited (within the box marked in red in Fig.5.15). 
  
(b) Annealed at 700℃. (c) Annealed at 800℃. 
  
(d) Annealed at 850℃. (e) Annealed at 900℃. 
Figure 5.17 – PSD curves of line edges profiles ( Mo films). 
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Table 5.2 – Thickness and LER/LWR of 2HfO  and Mo  films annealed at different 
temperatures (unit: nm). 
Annealing temperatures and materials 
Annealing temperatures Materials 
Thickness of the 
deposited films
Left LERσ  Right LERσ  LWRσ  
2HfO  47.98 1.97 2.91 3.48 
As-deposited 
Mo  239.42 2.32 3.38 4.49 
2HfO  52.90 2.80 2.39 3.13 
700℃ 
Mo  243.07 2.61 2.94 3.89 
2HfO  50.27 2.66 2.25 3.56 
800℃ 
Mo  239.69 2.76 2.55 3.39 
2HfO  44.48 2.86 2.12 3.43 
850℃ 
Mo  222.69 3.05 2.49 3.99 
2HfO  47.50 1.86 1.51 2.27 
900℃ 
Mo  218.65 1.21 1.94 2.94 
 
Table 5.3 - Calculated correlation lengths ξ (unit: nm) and roughness exponents α  of line edge 
profiles of dielectric 2HfO  and Mo  films. 
Annealing temperatures and materials 
Annealing temperatures Materials 
Leftξ  Rightξ  Leftα  Rightα  
2HfO  5.86 9.79 0.45 0.52 
As-deposited 
Mo  46.84 5.46 0.25 0.79 
2HfO  25.57 24.05 0.35 0.31 
700℃ 
Mo  25.91 16.97 0.33 0.42 
2HfO  8.20 13.31 0.54 0.36 800℃ 
Mo  20.90 17.58 0.37 0.37 
2HfO  11.71 13.72 0.48 0.33 850℃ 
Mo  15.97 6.99 0.45 0.53 
2HfO  9.67 20.61 0.32 0.18 
900℃ 
Mo  36.62 11.71 0.37 0.32 
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5.6. Relationships Between the Performance of the MIS Capacitor, 
the Surface/Interface Roughness and the Parameters of the 
Fabrication Process 
The calculated thicknesses of 2HfO  films as deposited and annealed at different 
temperatures is summarized in Table 5.2. The thickness average of the deposited 
2HfO  films was found to be 48.63nm, and is significantly less than the nominal 
thickness of 60nm. There are two reasons which cause the thickness deviation: one is 
the sample tilt during the SEM characterization, the other is that the fabrication 
system should be calibrated finely to control the thicknesses of the deposited 2HfO  
films by deposition rate and time. The sample tilt was evaluated by comparing the 
thickness of the 2HfO  film measured with the SEM (48.63nm) with that measured 
with the SEME-1000 SE (61.2nm); the resulting tilt was 37.39°. 
Table 5.4 - Relationships of the annealing temperature, the surface roughness and the 
leakage current densities of the deposited 2HfO  dielectric films. 
Annealing temperature(℃） as deposited 700℃ 800℃ 850℃ 900℃ 
Surface roughness Ra(nm) 1.29 1.03 0.91 1.28 0.64 
Leakage current density at 
1V(A/cm2) 
0.9×10-6 1.3×10-8 2×10-5 1.3×10-8 0.8×10-8
Table 5.4 shows the relationships between the annealing temperatures, the surface 
roughness and the leakage current densities. , The surface roughness of the 2HfO  
film decreased with increasing annealing temperature, meaning the phase structures of 
the films must have changed too. But the leakage current densities of the samples 
annealed at 700℃, 850℃ and 900℃ were smaller than that of the sample as 
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deposited, while the surface roughness of the samples annealed at 850℃ was larger 
than for the sample as deposited, meaning that the samples annealed at 700℃ and 
900℃ were acceptable. Since the above mentioned surface roughnesses were all 
measured with the AFM, during the fabrication flow, they are subject to changes 
caused by the follow-up fabrication processes. The C-V property measurements and 
the interface roughness were introduced to select a favorable annealing temperature. 
Table 5.5 is selected from Table 5.2. From Table 5.5 it is concluded that the LWR of 
the 2HfO  sample annealed at 700℃ is significantly less than that of the sample as 
deposited, that is, annealing at 700℃ improves the sample quality. This is consistent 
with the leakage current densities of 2HfO  films shown in Figure 5.7 and the C-V 
property in Figure 5.8. Although the LWR of 2HfO  sample annealed at 900℃ is less 
than and agrees with the leakage current densities in Figure 5.7, its C-V property in 
Figure 5.8 is not good, meaning a breakdown might occur at a local position on the 
MIS capacitor. Taking the former conclusions into consideration, one can conclude 
that the preferred annealing temperature is 700℃. 
Table 5.5 - LER/LWR (unit: nm) of 2HfO  films annealed at different temperatures. 
Annealing 
temperatures 
Left LERσ ( 2/Mo HfO ) Right LERσ ( 2 /HfO Si ) LWRσ  
As-deposited 1.97 2.91 3.48 
700℃ 2.80 2.37 3.13 
800℃ 2.66 2.25 3.56 
850℃ 2.86 2.12 3.43 
900℃ 1.86 1.51 2.27 
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Table 5.5 also shows that the left LERs of annealed 2HfO  samples are all larger than 
the right ones, demonstrating that the 2 /HfO Si  interface is better than the 
2/Mo HfO  interface thanks to the contribution of the surface quality of the Si  
substrate during the annealing process. This conclusion was supported by the 
calculated correlation lengths ξ  and roughness exponents α  of the line edge 
profiles of the dielectric 2HfO  films shown in Table 5.6. 
Table 5.6 is part of Table 5.3. In Table 5.6 correlation lengths ξ  of the right line edge 
profiles were all larger than those of the left line edge profiles, meaning there are less 
high frequency components in right line edge profiles than in left ones, and the right 
line edge profiles are smoother than the left ones. Also correlation lengths ξ  of the 
samples annealed at 700℃ were larger than those of the other samples: as deposited 
and annealed at 800℃, 850℃ as well as 900℃. This shows that an annealing 
temperature 700℃ is more effective for improving the deposited 2HfO  film quality. 
Roughness exponents α  of the samples also support this conclusion. 
Table 5.6 - Correlation length ξ (unit: nm) and roughness exponent α  of line edge profiles of 
2HfO  films. 
 
Annealing temperatures Leftξ  Rightξ  Leftα  Rightα  
As-deposited 5.86 9.79 0.45 0.52 
700℃ 25.57 24.05 0.35 0.31 
800℃ 8.20 13.31 0.54 0.36 
850℃ 11.71 13.72 0.48 0.33 
900℃ 9.67 20.61 0.32 0.18 
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5.7. Summary 
In this chapter MIS capacitors with 2HfO  as the high k  dielectric films of 60 nm 
nominal thickness and Mo  with dimensions of 1x1 mm, as upper electrodes, were 
introduced and fabricated. Spectroscopic ellipsometry was used to measure the 
thickness of the deposited 2HfO  film (61.2nm) , which was employed to evaluate the 
tilt of the sample during the SEM measurement process (about 37.39°). XRD was 
used to characterize the phase structures of the deposited 2HfO  films. Then the 
leakage current density and the C-V property of the MIS capacitor were measured, 
demonstrating that the optimal annealing temperature was 700℃ . Surface and 
interface roughness of the deposited 2HfO  films and the MIS capacitors were 
measured with an AFM and SEM respectively. Characterization of relevant roughness 
by RMS σ , correlation length ξ  and roughness exponent α  shows that 700℃ is 
the optimal annealing temperature, which can improve the quality of the deposited 
2HfO  film and, hence, that of the MIS capacitor. The conclusions demonstrate that 
the direct relationships between the MIS capacitor performance and the roughness 
characteristics, as a result of fabrication, can be taken as a reference in regulating the 
corresponding fabrication process, hence improving the quality of the MIS capacitor. 
This approach can be introduced to the quality control of other nanodevices. 
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CHAPTER 6 
UNCERTAINTY EVALUATION OF NANOROUGHNESS 
MEASUREMENTS 
6.1. Introduction 
In metrology, a measurement process without uncertainty evaluation is incomplete. 
The same applies to nanoroughness metrology. The new framework of uncertainty 
was introduced in the relevant chapters of the 2007-version Metrology of 
International Technology Roadmap for Semiconductors (ITRS), requiring a complete 
measurement expression including measured value plus a corresponding 
uncertainty[6.1]. In previous chapters nanoroughness measurement and its effects on 
the properties of specified nanostructures and nanodevices were discussed without 
considering the uncertainties in the raw data. However, raw data have measurement 
uncertainties that affect the measurement result of nanoroughness. This chapter 
presents an investigation of the uncertainty of nanoroughness SEM measurements, 
following the requirements of the related ISO Geometric Product Specification and 
Verification(GPS) [6.2,6.3] and the Guide to the Expression of Uncertainty in 
Measurement (GUM)[6.4]. 
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The chapter begins with an introduction to the theoretical fundamentals of 
measurement uncertainty, followed by an uncertainty model of SEM-based 
nanoroughness measurement. It then continues with a discussion of uncertainty 
evaluation of SEM-based LER/LWR metrology, including identification of SEM 
uncertainty sources for nanoroughness measurement, evaluation of SEM 
measurement uncertainty, an evaluation model for standard measurement uncertainty, 
evaluation of standard measurement uncertainty and uncertainty evaluation for SEM 
image preprocessing. The chapter proceeds to uncertainty estimation for SEM image 
processing. The uncertainties introduced by sampling length, SEM image noise and a 
median line of least-squares fit are then investigated. Section 6 of the chapter gives a 
case study, showing the fabrication of a nanoscale grating structure and the evaluation 
of total uncertainty for LER measurement. The chapter finishes with a summary. 
6.2. Theoretical Fundamentals of Measurement Uncertainty 
Because the understanding and expression for uncertainty were much different and 
lacking in consistency, in 1980 a BIPM work group proposed the International 
Recommendation INC-1: Expression of Experimental Uncertainties[6.5]. In 1986 
“Evaluation of measurement data — Guide to the expression of uncertainty in 
measurement” was proposed by ISO and other international organizations[6.6]. In 
1993 the guide was issued by ISO and then widely implemented all over the world 
[6.4]. 
6.2.1. Definition of Measurement Uncertainty 
According to GUM, the definition of uncertainty is a parameter, fitted with the result 
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of a measurement that characterizes the dispersion of the values that could reasonably 
be attributed to the measurand. The expression of a measurement result of a 
measurand Y  is expressed as Eq. 6.1. 
Uy ±                              (6.1) 
Where y     is the estimate of the measurand Y  
      U     is the measurement uncertainty of the estimate y . 
This expression includes an estimate and its scatter, meaning not a specified value but 
an interval within which the probable value falls. 
6.2.2. Evaluation of Standard Uncertainty 
The definition of a standard uncertainty is the uncertainty which is characterized with 
a standard deviation, denoted by u; the uncertainty in a given component is denoted 
by iu . There are two kinds of evaluations of standard uncertainty: type A and type B 
evaluations[6.4]. 
6.2.2.1. Type A-Evaluation of Standard Uncertainty 
Type A evaluation of standard uncertainty u is processed by a statistical method. The 
value of its uncertainty is equal to that of the standard deviation σ  of a set of the 
observed values, that is 
σ=u                            (6.2) 
When the quantity of a measurand Y  is determined by observed values 1X , 2X , …, 
NX , the standard uncertainty yu  of the estimate y  of the measurand Y  is 
determined by the standard uncertainty xiu  of the estimate ix  of the measurand iX . 
Hence the standard uncertainty xiu  of ix  should be evaluated first. The evaluation 
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process is described below: with other values of jX  ( ij ≠ ) constant, when iX  is 
observed n  times under equally accurate measurement condition. Then the standard 
deviation iσ  is derived from the n  observations with Bessel’s correction [6.7], 
2
1
1
n
i
i
i n
υ
σ == −
∑
                              (6.3) 
Where  iυ  is the residual error of the thi  observation.  
Eventually the standard uncertainty xiu  of the estimate ix  will be determined as 
below: if the single measured value is used as the estimate ix  of the measurand iX , 
ixiu σ=                                   (6.4) 
if an average value is used as the estimate ix  of the measurand iX , 
nu ixi /σ=                                (6.5) 
6.2.2.2. Type B-Evaluation of Standard Uncertainty 
Methods other than statistics are used for type B evaluation of a standard uncertainty. 
Type B evaluation plays an important role in evaluating specific uncertainties which 
cannot be evaluated by statistical methods, or can be but the cost is very high. That is 
why type B evaluation is now being widely used [6.8]. 
Type B evaluation of the standard uncertainty xu  of the estimate x  of the 
measurand X  is determined from a range of relevant information, such as old 
measurement data, experience and technical documents, general knowledge of 
relevant instrument or apparatus, data supplied by a verification certificate, instruction 
book and other reports, reference data in handbooks, etc. Some experience and an 
understanding of the principles involved are required in order to properly evaluate 
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type B uncertainty. 
In order to evaluate type B uncertainty, the form of the distribution of measured 
values (for example, a normal distribution) must be assumed. Then the uncertainty is 
calculated as described below[6.4]: 
a) If the estimate x  is affected by various independent factors and their effects are 
approximate, the distribution can be supposed to be normal. The uncertainty is 
estimated from: 
p
k k
au =                                    (6.6) 
Where  P   is the probability level 
a    is the half width of the probability level P  
       pk   is the coverage factor 
b) If an estimate x  is determined from technical documents and the measurement 
uncertainty xU  is equal to k  times the standard deviation, its standard 
uncertainty is determined from equation 6.7: 
k
Uu kk =                                (6.7) 
c) If the probability that an estimate x  falls within an interval ),( axax +−  is 1 
and the occurrence probability at any position within the range is same, the 
estimate x  describes a uniform distribution. The standard uncertainty can be 
determined by equation 6.8: 
3
auk =                                         (6.8) 
d) If an estimate x  is affected by two independent factors which follow a uniform 
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distribution, the estimate x  has a triangular distribution within an interval 
),( axax +− . Its standard uncertainty is expressed as in equation 6.9: 
6
auk =                                          (6.9) 
e) If an estimate x  complies with arc-sine distribution within an interval 
),( axax +− , the standard uncertainty is: 
2
auk =                                          (6.10) 
6.2.3. Combination of Measurement Uncertainties 
6.2.3.1. Combined Standard Uncertainty 
If a measurement result is affected by various factors which produce corresponding 
uncertainty components, the standard uncertainty of a measurement result is 
expressed by a combined standard uncertainty cu  which represents a combination of 
the above mentioned uncertainty components. In order to calculate cu  the 
relationship between the measurement result and various affecting factors is firstly 
determined so that uncertainty components can be evaluated accurately. Then the 
combination of a standard uncertainty can be derived. 
In an indirect measurement process, the estimate y  of a measurand Y  is calculated 
from other observed values Nxxx ,...,, 21  as in equation 6.11: 
),...,,( 21 Nxxxfy =                                  (6.11) 
Suppose the measurement standard uncertainty of the observed value ix  is xiu . 
Then the standard uncertainty component of the measurand y  caused by ix  is: 
xi
i
i ux
fu ∂
∂=                                         (6.12) 
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But the uncertainty yu  of the measurement result y  should be combined with all 
the uncertainty components; cu  denotes this kind of uncertainty and is given by. 
( )∑ ∑
= <≤ ∂
∂
∂
∂+⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
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N
i
N
ji
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ji
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i
c uux
f
x
fu
x
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1 1
2
2
2 ρ              (6.13) 
Where ijρ  is the correlation coefficient of every two direct measurands ix  and jx . 
6.2.3.2. Expanded Uncertainty 
Only with the standard deviation can combined standard uncertainty describe 
measurement uncertainty and the probability that the measurement result cuy ±  
includes the true value is 68% [6.9]. For circumstances requiring a high level of 
confidence, the expanded uncertainty is needed to describe measurement uncertainty. 
Expanded uncertainty, U, is equal to combined standard uncertainty cu  multiplied by 
the coverage factor k as shown in Eq. 6.14[6.4]. 
ckuU =                               (6.14) 
If expanded uncertainty is regarded as measurement uncertainty, this measurement 
result is expressed as: 
UyY ±=                             (6.15) 
The coverage factor k  is determined by the threshold of the t-distribution )(νpt  
)(νptk =                              (6.16) 
Where ν  is the degree of freedom of the combined standard cu . 
Usually the coverage factor k is selected from the range 2~3[6.9]. 
6.3. Uncertainty Propagation Model of SEM-based Nanoroughness 
Measurement 
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6.3.1. SEM-based Nanoroughness Measurement Process 
Figure 6.1 shows a SEM-based nanoroughness measurement process. When SEM is 
employed to measure nanoroughness of nanostructures and nanodevices, not only the 
instruments but also the following nanoroughness evaluation operations will produce 
measurement uncertainties. 
6.3.2. Preprocessing of SEM Images 
According to the rules of operators and operations in ISO GPS [6.2, 6.10], the 
preprocessing of SEM images mainly includes the operations of extraction, filtering 
and fit, etc. These operations consist of a complete preprocess operators as shown in 
Figure 6.2. 
 
Figure 6.1-SEM-based nanoroughness measurement process. 
6.3.2.1. Noise-smoothing 
If SEM is used for nanoroughness metrology, noise will be introduced into images 
and should be eliminated for subsequent evaluation. But when the filtering operation 
is employed for noise-smoothing, a line edge position will be changed [6.11]. Figure 
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6.3 demonstrates the positional deviation of points along a line edge before and after 
filtering, which produces errors of line edge position or linewidth and consequently 
affects the line edge roughness and line width roughess(LER/LWR) evaluation. 
6.3.2.2. Extraction Operation 
Extraction is defined as an operation to obtain a limited set of points along 
nanograting lines according to specific rules. 
  
(a) SEM image from above. (b) After filtering by the Gaussian filter.
  
(c) After extraction by Canny edge 
detector. (d) After fitting by the least squares fit. 
Figure 6.2-SEM image preprocessing for nanoroughness metrology. 
In extraction operation, sampling length and sampling interval are two important 
Mean line 
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parameters which affect significantly LER/LWR measurement results. Figure 6-4 
shows that LER/LWR will be different as sampling length and sampling interval 
change. It shows that sampling length and sampling interval are two major influences 
on nanoroughness metrology uncertainties. In the literature[6.12,6.13] it was 
concluded that a sampling interval less than 10 nm had less effect on the measurement 
precision of LER/LWR than other parameters, and so in this case could be neglected. 
Therefore, in this thesis, only the effect of sampling length on the extraction operation 
for nanoroughness measurements will be investigated. 
6.3.2.3. Fit Operation 
Figure 6-2 (d) shows a least-squares reference line which was fitted from an extracted 
line edge according to least-square criterion. The fitted least-square reference line is 
the approximate substitution of a real line edge profile, so fit criterion is another 
influential factor in the uncertainty of nanoroughness measurement. 
  
Figure 6.3-Filtration operation changes the 
profile and position of a line edge. 
Figure 6.4-Effects of sampling length 
and sampling interval on values of 
LER/LWR [6.13]. 
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6.3.3. Uncertainty Propagation Model of Nanoroughness Measurement 
According to analysis above, the uncertainty propagation model of SEM-based 
nanoroughness measurement can be demonstrated in Figure 6-5. In ISO GPS[6.2], 
implementation uncertainty includes the uncertainties produced by the factors such as 
the measurement instrument, operating staff, environmental conditions etc., and is 
denoted by 1u . This uncertainty will be superimposed on SEM images and 
propagates to subsequent operations via the extraction operation. 
During SEM image preprocessing, extraction, filtering and fit are three key operations 
which affect nanoroughness measurement results significantly, and the corresponding 
uncertainties are regarded as method uncertainty. 
Figure 6.5-Uncertainty propagation model of SEM-based LER/LWR measurement. 
Suppose every two uncertainty factors mentioned above are non-correlated, then 
according to the uncertainty combination equation presented in ISO GUM[6.4] the 
total uncertainty of SEM-based LER/LWR metrology can be derived from 
2222
1 σε uuuuu wc +++=                              (6.17) 
Where wu   is the extraction operation 
Instrumental 
random error 
Instrumental 
systematic error 
Extraction 
operation 
Fitting 
operation 
Sample Variation: 
Geometry, Materials
Noise-smoothing
Evaluation 
result and 
wu σuεu1u
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εu    is the filtration operation 
σu   is the fit operation 
6.4. Evaluation of Uncertainties Produced by SEM Instrument 
SEM is one of the most popular instruments nowadays for nanoroughness 
measurement in the nanometrology community [6.14-6.16]. The SEM first focuses an 
electron beam whose cross-sectional radius is very small (5-7nm) and then scans a 
sample in a raster way, producing information which is related to the properties of the 
sample. The SEM collects and processes this information to form a magnified image 
of the surface. The characteristics of SEM are its speedy image formation (faster than 
scanning probe microscopy and a stylus profiler), high resolution (0.5nm) ; thus it is 
always employed to characterize LER/LWR. Because an SEM image is formed from 
the interaction of incident electrons and a sample material, there are several factors 
which contribute to uncertainties in the precision of nanoroughness measurements. 
These factors include the wave character of incident electrons, magnification, 
scanning speed and resolution, etc. In this chapter the uncertainty of nanoroughness 
measurement produced by SEM will be investigated and evaluated. 
6.4.1. Identification of SEM-based Uncertainty Sources 
When SEM is used for nanoroughness measurement, there are two kinds of 
uncertainty sources: one is from the measurement instrument (including measurement 
conditions), the other from the sample to be measured [6.17]. The following factors 
and relevant uncertainty are identified from the first kind of sources: SEM resolution 
and its related uncertainty, stability of SEM magnification and its uncertainty, 
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aberration of the SEM image and its uncertainty, image processing and its uncertainty, 
variation of SEM working distance and its uncertainty, and secondary electron 
image-forming principle and corresponding uncertainty. From the second kind of 
sources, the following factors and relevant uncertainties can be identified: the 
calibrator and its uncertainty, sample deformation and relevant uncertainty, sample 
surface tilt and the corresponding uncertainty. The following sections of this chapter 
are to investigate above mentioned uncertainties according to ISO GUM[6.4]. 
6.4.2. Analysis of SEM-based Uncertainty Sources 
6.4.2.1. Uncertainty Produced by SEM Resolution 
SEM resolution is determined by SEM performance and its condition after debugging 
[6.18]. Resolution means the smallest distance between two points which the SEM 
can resolve[6.13]. Within this distance is a blurry zone. An “aiming uncertainty” will 
be introduced by the blurry zone for subsequent image measurement[6.19]. In this 
chapter ‘d’ denotes SEM resolution. 
6.4.2.2. Uncertainty Introduced by SEM Enlarged Image Measurement 
This kind of uncertainty is related to magnification, resolution of the image and the 
measurement method[6.20]. Magnification which is not large enough will produce a 
larger uncertainty in the process of measurement. The range of SEM magnification is 
large (20X-200,000X) and so this kind of uncertainty can be eliminated by increasing 
the magnification. Usually a high precision instrument is needed for nanoroughness 
metrology. In this case, the uncertainty produced by the measurement method can be 
eliminated because of low precision. So it can be concluded that the uncertainty of 
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SEM image measurement is introduced mainly by the aiming process. Suppose M 
denotes image magnification, then image resolution will be Md and the largest 
deviation is half the blurry zone( Md2
1
). Further suppose the distribution is a 
Gaussain one, then the aiming uncertainty is derived as MdMd 6
1
2
1
3
1 =× . 
6.4.2.3. Uncertainty arising from Stability of SEM Magnification 
SEM magnification is affected by the accelerating voltage of the electron beam and 
the current through the scanning coils [6.21]. If these factors vary, the magnification 
times change too. If the SEM magnification for the image of a calibrator is different 
from that of a sample, it will introduce a corresponding uncertainty. Nowadays SEM 
stability has improved greatly and the variation of magnification decreased 
dramatically[6.22]. As a result, the uncertainty caused by the stability of the SEM 
magnification may be kept so low that it is insignificant. 
6.4.2.4. Uncertainty arising from Aberration of the SEM image 
The aberration of an SEM image is defined as the difference between the form of the 
SEM image and that of the sample[6.22]. From the view point of SEM magnification, 
the aberration can be regarded as different magnifications in different regions of an 
image and in different directions. For example if the magnifications in the x and y 
direction are different, the central and edge zones of a SEM image will be different 
from the corresponding parts of a real sample. 
In the modern SEM instrument the aberration of the image is very small [6.23]. So in 
this chapter we suppose that the operation process can eliminate the uncertainty 
caused by aberration of the SEM image. 
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6.4.2.5. Uncertainty caused by Secondary Electron Formation 
The uncertainty produced by secondary electron image formation mainly depend on 
the sample to be measured. Section 2.6.1 in Chapter 2 described it in detail. Here β 
denotes the uncertainty caused by secondary electron image formation. It is noted that 
for nanoroughness metrology the uncertainty produced by secondary electron image 
formation should be eliminated as far as possible. If negative, it should be evaluated 
properly and combined into the total uncertainty of the nanoroughness measurement. 
6.4.2.6. Uncertainty caused by the Variation of SEM Working Distance 
According to the principles of SEM, the magnification is related to its working 
distance. If the working distance between a sample and a calibrator varies, the 
apparent magnification changes, producing uncertainty in the SEM working distance. 
In this thesis we suppose that relevant calibration process can find and eliminate this 
kind of uncertainty. 
6.4.2.7. Uncertainty caused by the Calibrator 
The calibrator, calibrating equipment and the method used all make a contribution to 
the uncertainty of calibration. The uncertainty value is issued by the accrediting body 
[6.24]. Here in this thesis we employ ‘e’ to denote this kind of uncertainty. 
6.4.2.8. Uncertainty caused by Sample Surface Tilt 
When the SEM is employed to measure a sample, an electron beam is required to be 
perpendicular to the surface of the sample being measured. If the sample is not 
mounted properly, not being perpendicular to the electron beam, an uncertainty 
arising from the sample surface tilt occurs [6.25]. Here we suppose that precise 
Chapter 6                            Uncertainty Evaluation of Nanoroughness Measurements 
 148
adjustment process can find and eliminate this kind of uncertainty. 
6.4.2.9. Uncertainty caused by Sample Deformation 
Different samples and various treatment processes can produce various sample 
deformations[6.25]. Here α denotes the uncertainty of a sample deformation. 
6.4.3. Evaluation of SEM-based Uncertainties 
SEM-based nanoroughness measurement is one aspect of nanoscale length metrology, 
and it is a comparative measurement method. The principle is as below: firstly obtain 
secondary electron images of a sample and a standard calibrator under the same 
conditions, then measure the corresponding length in the secondary electron images. 
With the length of the standard calibrator already given, the relevant length of the 
sample can be calculated using a formula: 
A
BhL =                                    (6.18) 
Where h   is the corresponding length in a calibrator, 
A   is the average value of lengths in an enlarged image of a calibrator, 
B   is the average value of lengths in an enlarged image of the sample. 
Differentiating both sides of the above equation leads to the result that: 
A
A
hBB
A
hh
A
BL Δ−Δ+Δ=Δ 2                     (6.19) 
Because an indication uncertainty of the measurement instrument is too small and 
negligible, the correlation terms of A and B are considered to be zero. So the standard 
uncertainty of the measured length can be calculated as follows 
2
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⎛=        (6.20) 
6.4.3.1. Evaluation of hΔ  
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hΔ  is the uncertainty produced by a standard calibrator, and is denoted as e. 
6.4.3.2. Evaluation of ΔA 
The measurement process for quantity A  is as below: the first point in the image is 
marked and its coordinate value, a , determined. The second point in the image is 
then marked its coordinate value, b , determined. Then the distance S  between 
points a  and b  will be obtained by 
S a b= −                                   (6.21) 
and therefore 
S a bΔ = Δ −Δ                                 (6.22) 
Since correlation terms between a  and b  are equal to zero 
222 baS Δ+Δ=Δ                              (6.23) 
Section 6.4.2 has shown that the uncertainties caused by other influential factors all 
can be neglected except the aiming uncertainty in the blur zone which is Md6
1
. 
Therefore 
Mdba
6
1=Δ=Δ                              (6.24) 
222
18
1 dMS =Δ                              (6.25) 
Provided that the average value of n measurement data is employed, then 
2222
18
11 dM
n
S
n
A =Δ=Δ                     (6.26) 
6.4.3.3. Evaluation of ΔB 
Evaluation of ΔB is the same as that for ΔA: 
222
18
1 dM
n
B =Δ                            (6.27) 
6.4.3.4. Calculation of the value for A  
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Provided that the calibrated value of a standard calibrator is h , and its standard 
uncertainty is e , then the measurement value of quantity h  is given by eh 3± [6.4]. 
After the image is magnified the value is MeMh 3± . Taking aiming uncertainty 
n
Md
18
 in the measurement process into consideration, then 
)
18
33(
n
dehMA ±±=                       (6.28) 
For eh 3>>  and n
dh
18
3>> , then 
MhA ≈                                    (6.29) 
6.4.3.5. Calculation of the value of B  
The calculation process for the value of B  is the same as that for A , so MLB ≈ . 
6.4.3.6. Combined Standard Uncertainty of the Measurement Result 
Substituting the expressions above for the corresponding terms in Eq. 6.20, gives the 
result 
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Provided that the uncertainty α  produced by the sample deformation and the 
uncertainty β  introduced by the principle of secondary electron image formation is 
not be neglected, the standard uncertainties of α  and β  can be estimated and 
combined into the standard uncertainty of the measured length as given in equation 
6.31: 
22
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6.5. Uncertainty Estimation for SEM Image Processing 
6.5.1. Estimation of the Uncertainty caused by Sampling Length 
According to Parseval’s theorem, the area under the Power Spectrum Density (PSD) 
curve is the square of measσ , which is the measured value of LER/LWR[6.26]. 
Suppose the measurement length is infinite and the spatial resolution is perfect, then 
theoretically the PSD will include all the component frequencies within a range from 
0 to infinity, and the area under the PSD curve is squared mean of LER/LWR[6.27]. 
But actually the value of LER/LWR is affected by the size of the sample, the 
resolution of the instrument employed and the measurement time, etc[6.28]. So the 
LER/LWR only includes frequencies within a limited range. On the basis of the 
Nyquist sampling theorem, a frequency range should be from L1 ( L  is sampling 
length) to Δ21 (Δ is sampling interval), so the square of the measured value measσ  
for LER/LWR is equal to the area under PSD curve in the frequency range from L1  
to Δ21 [6.29]. 
Suppose that the SEM is used to measure LER/LWR and boxL  is the size of 
measurement window, then the lowest sampling frequency is boxL1 , that is 
boxL
f 12 min =π                                       (6.32) 
Any other roughness whose frequencies are less than fmin will be neglected, so an error 
of measured LER/LWR value measσ  compared with the real one trueσ  is produced. 
The relationship between measσ  and trueσ  is given by equation 6.33: 
∫
∞ − ⎥⎦
⎤⎢⎣
⎡
⎟⎟⎠
⎞
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122 tan21)(2
f box
truemeas L
dffPSD ξπσσ          (6.33) 
Chapter 6                            Uncertainty Evaluation of Nanoroughness Measurements 
 152
Where f   is the spatial frequency, 
σ   is the deviation of the RMS of LER/LWR, 
ξ   is the correlation length of LER/LWR. 
Figure 6.6 is the diagrammatic representation of Eq. 6.33. Provided that the sampling 
length boxL  is long enough, the value of measσ /σtrue will approach 1. Actually the 
sampling length is limited, hence measured values of LER/LWR measσ  are always 
less than trueσ . 
 
Figure 6.6-The relationship of measured and real values of LER/LWR for 
different sampling lengths. 
Suppose σΔ  denotes a relative error caused by the sampling length, then 
%100×−=Δ
true
meastrue
σ
σσσ                    (6.34) 
Table 6.1-Relative measurement error of LER/LWR with different sampling length 
ξ/boxL  5 6 10 12 14 16 18 20 30 36 … 
(%)σΔ  6.49 5.40 3.22 2.68 2.29 2.0 1.78 1.60 1.06 0.888 … 
According to Eq. 6.33 the relative error of LER/LWR with different sampling lengths 
can be calculated as shown below in Table 6.1. For example for the sampling length 
ξ10=boxL , the relative error σΔ  of LER/LWR is 3.2%. For the sampling length 
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ξ6=boxL , the relative error σΔ  of LER/LWR is 5.4%. 
Suppose that the measurement errors caused by sampling length are normally 
distributed, then the uncertainty produced by the sampling length is given by[6.4]: 
3/σΔ=wu                            (6.35) 
6.5.2. Estimation of the Uncertainty caused by SEM Image Noise 
In the circumstance that SEM is employed to measure nanoroughness, relevant 
algorithms are needed to obtain the locations of line edges or the value of specific 
linewidths. Since there is always noise in SEM images, errors are produced during the 
process of determining the locations of line edges or the values of specific linewidths. 
Here errorσ  denotes the location error of a line edge caused by SEM image formation 
as shown in Figure 6.7[6.29]. In Figure 6.7 the true edge is represented by the thick 
winding line. One measured edge out of an infinite number of possibilities is marked 
by the slimmer winding line. The Gaussian curves overlaid on each linescan represent 
the distribution of measured edge locations. Then the following equation, Eq. 6.36, 
applies: 
222
errortruemeas σσσ +=                       (6.36) 
 
Figure 6.7- Schematic diagram of how noise effects the apparent measured 
position of a real line edge[6.29]. 
Chapter 6                            Uncertainty Evaluation of Nanoroughness Measurements 
 154
It is obvious from equation Eq. 6.36 that the noise in an SEM image will produce an 
error in the nanoroughness measurement. The value of this error is the same as the 
standard uncertainty introduced by SEM image noise. Suppose εσ  denotes the 
repeatability error, then 
22
2
1
)1(2 trueerror
trueerror
N σσ
σσσε ++−≅                            (6.37) 
Where trueσ  and errorσ  can be solved with the method presented by Atsuko 
Yamaguchi et al[6.30] given below: 
)1()2(
1
)1()( 110
2
22 −Δ−−+=
−− mmerror
truemeas Shm
P
S
S σσσ            (6.38) 
Where )1(errorσ  is the nanoroughness value from the image when S is equal to 1. 
m  is a power and usually its range is 2.0~2.3, 
S  is the mean for the numbers of the scanning lines in different images, 
0P   is a constant. 
In order to simplify this calculation process, we suppose m  is equal to 2 [6.30], and 
F(S) denotes 2 ( )meas Sσ . Then the above equation can be simplified to: 
)1()( 321 −−+= SaS
aaSF                                   (6.39) 
Where 21 truea σ= , )1(22 errora σ= , and hPa Δ= 03 2 . 
Here trueσ  and )1(errorσ  are parameters for fitting )(SF . The solving process is 
summarised as follows. Different average values ),......,2,1( maxSS  for the y-direction 
were set, and values of measσ  for LER at different points along the line edge were 
calculated. Then the set of measurement data ))1(,1( 2measσ , ))2(,2( 2measσ ,……, 
))(,( max
2
max SS measσ  was obtained. Function )(SFy =  was employed to fit a set of 
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measurement data, then regression analysis was used to get the values of parameters 
1a  and 2a , that is, trueσ  and )1(errorσ  respectively. SEM image noise produced a 
repeatability error for nanoroughness measurement, and the error was assumed to be 
normally distributed. Hence the uncertainty caused by SEM image noise was given by 
equation[6.4]: 
3
ε
ε
σ=u                                               (6.40) 
6.5.3. Estimation of the Uncertainty Produced by a Median Line of 
Least-Squares Fit 
According to the definitions of LER and LWR in ITRS, RMS σ  is employed as a 
parameter to characterize LER/LWR[6.1]. The definition of σ  is given by equation 
6.41: 
( ) 2/1
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N
δσ                 (6.41) 
 
Figure 6.8- Schematic of median line fitted from a nanoroughness profile[6.31]. 
From Eq.6.41 it can be concluded that σ  is the RMS of the distances from the 
profile of a line edge to its median line, as shown in Figure 6.8[6.31]. There are 
several methods to obtain the median line from a line edge profile, for example a least 
squares median line and an arithmetical median line, etc. Also different fit rules will 
affect measurement results for LER/LWR, producing a measurement uncertainty in 
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LER/LWR. 
Suppose a least-squares median line is used to fit the line edge profile, and its fit 
equation is: 
baxz +=                                               (6.42) 
Where a  and b  are coefficients in the least squares equation. 
The expressions for a  and b  are given in Eq.6.43 and Eq.6.44, respectively, as: 
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All raw measurement data iz  from an edge detection process for determining line 
edge include the uncertainty 1u  produced by the SEM. Suppose the uncertainty 
including in all raw measurement data are equal to each other, then according to the 
uncertainty propagation formula presented in GUM[6.4] the uncertainty expressions 
for a, b, and LERσ  can be deduced from the following: 
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where
),()1)(1(2),()1(2),()1(222222 baxuuazxuubzuuxuuuu ibaiiaziibziiabzii ρρρδ −−+−+−+++=
and ),(),,(),,( baazbz ii ρρρ  are the correlated factors between iz , a  and b  
respectively. 
6.6. Case Study 
6.6.1. Fabrication of a Nanoscale Grating Structure 
A nanoscale grating structure was fabricated with an electron beam lithography 
system (CABL-9000C, Crestec Co., Japan) on ZEP520 resist (Zeon Co., Japan). 
 
Figure 6.9- SEM image of the fabricated nanograting. 
The nominal line width of nanoscale grating structure is 65 nm, and the nominal pitch 
was 125 nm. Upon the completion of the patterning fabrication, the grating structure 
was scanned by a field-emission scanning electron microscope (FESEM JSM-6700F, 
JEOL Ltd, Co., Japan) with an acceleration voltage of 5 kV. The image is shown in 
Figure 6.9. Its size is 1280×1024 pixel, and magnification is 10,000. There are 107 
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pixels in the scale bar which represents 100nm. 
6.6.2. Evaluation of Uncertainties Produced by SEM 
6.6.2.1 Measurement Condition 
Images were obtained using a field-emission SEM (JSM-6700F, JEOL Ltd, Japan). 
The image in Figure 6.9 was obtained with an accelerating voltage of 5kV. The 
distance between two neighboring lines of the calibrator standard is 200nm, and its 
uncertainty is 3.4nm.The linewidth of the samples to be measured is 65nm, which is 
the average value of 25 measurement data. 
6.6.2.2 Evaluation of Uncertainty Produced by SEM 
It can be concluded from the measurement condition described above that for 
linewidth measurement the values of the parameters can be set to: 
25,4.3,200,1,65 ===== nnmenmhnmdnmL . 
Substituting these values into Eq.6.31 gives an expression for the GPS 
implementation uncertainty of 
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As for the LER measurement of the grating line edges, the calculated value is 2nm. 
Substituting in the values for these parameters into Eq.6.31, gives an expression for 
the uncertainty of the LER measurement: 
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So, it can be concluded that for nanoroughness measurements, the uncertainty 1u  
produced by the JSM-6700F SEM is 0.06nm. 
6.6.3. Evaluation of Uncertainty Caused by SEM Image Preprocessing 
6.6.3.1 Measurement Uncertainty wu  Produced by a Sampling Length 
After the preprocessing of the SEM image shown in Figure 6.9, the line edge profile 
extracted from the line edge marked by the red box is shown in Figure 6.10. 
Figure 6.11 shows the height correlation function )(rG  that was employed to 
analyze the LER uncertainty of the left edge of the grating structure according to the 
algorithms introduced in Section 3.2.2.2 of Chapter 3. It is concluded that the 
correlation length ξ  is 25 nm and the sampling length boxL  is 900 nm. Then 
nmLbox 36=ξ . 
From Table 6.1 it can be seen that the measurement error produced by this sampling 
length is nmw 00888.0=σ . So the measurement uncertainty produced by the 
sampling length is nmuw 00513.03
00888.0 ==
.
 
 
Figure 6.10- Diagram of the line edge profile extracted from the line edges 
marked in the red box in Figure 6.9 
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Figure 6.11- Schematic of height 
correlation function of left line edge 
marked in red box in Figure 6.9. 
Figure 6.12- Diagram of the relationship 
between nanoroughness and S. 
6.6.3.2 Measurement Uncertainty εu  Produced by SEM Image Noise 
Figure 6.12 shows measured nanoroughness values for the left line edge with different 
S values. Eq.6. 39 was employed to fit the measured data, and the trueσ  and )1(errorσ  
were derived as below: trueσ =1.025nm, )1(errorσ =0.28nm. 
Further, from Eq.6.37, the uncertainty caused by SEM image noise was determined as 
follows: nm025.0=εσ . 
6.6.3.3 Measurement Uncertainty σu  Produced by the Least-Squares Fitted 
Median Line 
All 950 raw data points from the extracted line profile of the left grating line shown in 
Figure 6.10 include SEM uncertainty 1u . Suppose that the uncertainty distribution in 
every measurement point is normally distributed. According to Eq.6.50, 1u  is given 
by nmu 06.01 = . 
Substituting these values into Eq.6.45 and Eq.6.46, au  and bu  are given by: 
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nmua 043.0= , nmub 0016.0=  
Further substitution of these values into Eq.6.47 gives nmu 113.0=σ . 
6.6.4. Evaluation of Total Uncertainty for LER Measurement 
From the above results, the values for the following parameters are obtained.  
nmu 06.01 = , nmu 113.0=σ , nmu 025.0=ε , nmuW 0051.0=  
Substituting these values into Eq.17. gives a total standard uncertainty for LER 
measurement of: 
nmuuuuu wc 13.0113.00051.0025.006.0
22222222
1 =+++=+++= σε  
Provided that the coverage factor k is 3, and the confidence level is set as 99%, the 
expanded uncertainty is as below: 
nmkuu cg 39.013.03 =×==  
6.7. Summary 
In this chapter, an overview of the theory for measuring uncertainty has been 
introduced, including the estimation of standard uncertainty and combination of 
measurement uncertainties. The uncertainty propagation model of SEM-based 
nanoroughness measurement has been discussed. Operations such as noise-smoothing, 
extraction and fit have been examined. Uncertainty components introduced by SEM 
image noise filtration, sampling length selection and fit operation have been 
calculated. 
Uncertainty evaluation for SEM-based LER/LWR metrology has been discussed in 
detail. SEM uncertainty sources have been identified and evaluation of SEM 
measurement uncertainty components has been conducted. An evaluation model of 
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SEM-based standard measurement uncertainty has been presented. Evaluation of 
standard measurement uncertainty has been investigated in detail. 
Uncertainty estimation for SEM image processing has been conducted, including 
uncertainties caused by the sampling length, SEM image noise and a median line of 
least-squares fitting. A case study has been presented to demonstrate the uncertainty 
evaluation process described in this chapter: a nanoscale grating structure with a pitch 
as 125nm and linewidth as 65nm was fabricated by EBL process and the LER of the 
grating structure was characterized by SEM as 2.0nm; the total uncertainty of the LER 
measurement was then evaluated as 0.13nm, and its expanded uncertainty 0.39nm 
with the coverage factor k as 3. 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 
7.1. Summary 
This thesis presents research work on fabrication and nanoroughness characterization 
of nanolinewidth and nanopitch specimens as well as MIS capacitors with 2HfO  as 
high k dielectrc films. 
Characterization and simulations of self-affine curves and 3-D random surfaces were 
conducted. For the characterization of self-affine curves, descriptors such as RMS σ , 
HHCF and PSD were identified, from which three widely-used parameters were 
deduced, including RMS σ , correlation length ξ  and roughness exponent α  
(Section 3.2.2). PSD was employed to simulate the effect of parameters σ , ξ  and 
α  on the LER/LWR properties of the self-affine curves, and the effect of the above 
mentioned three parameters and CD on the CD variation was also simulated (Section 
3.2.3). With regard to the characterization of 3D surfaces, descriptors such as RMS 
qS , skewness skS , kurtosis kuS , autocovariance and ACFs, PSD as well as HHCF 
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were identified (Section 3.3.1). The effects of the characteristic parameters on the 
properties of 3-D random rough surfaces were investigated and visualized, and special 
attention was paid to Gaussian, non-Gaussian, complicated and fractal rough surfaces. 
For the simulations of Gaussian random surfaces, exponential and cosine-exponential 
ACFs were used, and the effect of specific ACF on the properties of the rough 
surfaces was visualized (Section 3.3.2.1). With regard to the simulation of 
complicated random rough surfaces, the ACFs were constructed with a periodic 
(cosine) and a random (exponential) function; the surfaces and corresponding ACFs 
were simulated (Section 3.3.2.2). For non-Gaussian random surfaces, the effects of 
skewness, kurtosis, and correlation length on the properties of the surface were 
investigated and visualized (Section 3.3.2.3). For the simulation of self-affine random 
rough surfaces, the correlation function and HHCF were deduced from the 
corresponding PSDs and were employed to visualized the effects of characteristic 
parameters on the properties of the surfaces (Section 3.3.2.4). Relevant conclusions 
were used frequently in the subsequent investigations of this thesis. 
A proposal regarding the thicknesses of the deposited films represented as nominal 
linewidths and pitch was put forward; nanolinewidth and nanopitch specimens were 
fabricated and nanoroughness-based quality control of the specimens was 
implemented. The MBE process was introduced and GaAs  substrates were selected 
on which AlGaAs  and GaAs  films were deposited alternately to fabricate 
nanolinewidth and nanopitch specimens with nominal linewidths and nominal pitch 
all less than 10nm (Sections 4.3.3 and 4.3.4). The thicknesses of the deposited GaAs  
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are regarded as the nominal linewidthes (2nm, 4nm, 6nm and 8nm, respectively) and 
the nominal pitch (5nm) (Section 4.3.2). HRTEM images were employed to 
characterize relevant LER/LWR and to evaluate the fabrication quality, including the 
noise-smoothing of the HRTEM images, the line edge extraction, and the 
charatcerization of LER/LWRs at the interfaces AlGaAs /GaAs (Section 4.5). The 
wavelet transform-based multiscale line edge detector was employed to increase the 
accuracy of the line edge extraction(Section 4.5.3). LER/LWRs of the extracted line 
edge profiles were characterized with roughness parameters RMS σ , correlation 
length ξ  and roughness exponent α (Section 4.5.5). Relevant nanoroughness 
characterization was used to evaluate the material selection and the fabrication 
process, and some process parameters were regulated in order to increase the 
specimen quality. 
Based on relevant nanoroughness characterization, the effect of annealing 
temperatures for a 60nm 2HfO  film on the performance of a MIS capacitor with 
2HfO  as high k dielectric was investigated, and specific fabrication parameters were 
regulated. Five kinds of the MIS capacitors were fabricated with 2HfO  films as 
deposited and annealed at 700℃, 800℃, 850℃ and 900℃ respectively (Sections 
5.3.1 and 5.3.2). The thickness and the phase structures of the deposited 2HfO  films 
were measured by spectroscopic ellipsometry and an X-ray diffraction (Sections 5.4.1 
and 5.4.2). The leakage currents and C-V properties of the MIS capacitors were tested 
with a semiconductor parameter analyzer and a CV analyzer respectively (Sections 
5.4.3 and 5.4.4). The characterizations of surface roughness of the deposited 2HfO  
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films and interface roughness at the interfaces 2/Mo HfO  and 2 /HfO Si  were 
conducted by AFM and SEM (Sections 5.5.1 and 5.5.2). SEM images of the interfaces 
2/Mo HfO  and 2 /HfO Si  were noise-smoothed, the line edges were extracted, and 
the interface roughness was characterized with roughness parameters RMS σ , 
correlation length ξ  and roughness exponent α  (Section 5.5.2). The 
nanoroughness characterization and relevant electrical measurement results concluded 
that the optimal annealing temperature for the deposited 2HfO  films was 700℃, 
while the fabrication process could be regulated according to corresponding deduced 
roughness parameters (Section 5.6). 
The uncertainty propagation model of SEM-based LER/LWR measurement was put 
forward to quantitatively evaluate measurement uncertainties according to relevant 
ISO GPS standards (Section 6.3.3). The nanoscale grating structure on a ZEP520 
resist was fabricated, and the SEM image was obtained and the LER/LWR of the 
grating pattern was characterized. SEM-based implementation uncertainty and 
method uncertainty were investigated accordingly. The implementation uncertainty 
was mainly caused by the random and systematic errors of the SEM instrument as 
well as the sample variation (Section 6.4). The method uncertainty was produced by 
the SEM image preprocessing operations on which the emphases were placed in this 
thesis, such as the noise-smoothing of the SEM images, the extraction of line edges of 
interest, and the fit of the extracted line edges (Section 6.5). For SEM-based 
implementation uncertainty and implementation uncertainty, the influential factors 
were identified and their uncertainties were quantitatively estimated. The case study 
Chapter 7                                                    Summary and Conclusions 
167 
employed the above mentioned propagation model and demonstrated the detailed 
quantitative evaluation process for the SEM-based LER/LWR measurement 
uncertainty, which was an absolutely necessary part of a LER/LWR measurement 
result, as exemplified by the investigations in this thesis (Section 6.6). 
7.2. Conclusions 
The conclusions obtained from this research project are summarised below. 
Compared with experimental investigations, simulations of the effects of the 
characteristic parameters on the properties of self-affine curves and various random 
rough surfaces are flexible, low cost and highly efficient. Simulations of self-affine 
curves showed that the parameters σ , ξ  and α  impacted significantly on the 
LER/LWR properties of the self-affine curves as well as on the CD variation. The 
visualizations of random rough surfaces demonstrated that ACFs could describe the 
Gaussian and complicated rough surfaces, while skewness, kurtosis, and correlation 
length impacted on the properties of non-Gaussian rough surfaces significantly. For 
self-affine random rough surfaces, the correlation function and HHCF could be 
deduced from the PSDs, hence characterizing the surface properties. 
The MBE-based process along with the selection of AlGaAs  and GaAs  are 
capable of fabricating desired nanolinewidth and nanopitch specimens with nominal 
linewidths of 2nm, 4nm, 6nm and 8nm, and nominal pitch aofs 5nm. Based on 
HRTEM images of the specimens, parameters σ , ξ  and α  of relevant LER/LWR 
showed that in real space and frequency domains the quality of line edges met the 
requirements for the specimens, and showed that specific process parameters should 
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be regulated carefully to further improve the line edge quality. The fabricated 
linewidthes and pitch deduced from HRTEM images were a little less than the 
corresponding nominal linewidthes and nominal pitch respectively, leading to the 
conclusion that either the epitaxial rate or epitaxial time should be increased during 
MBE process. 
The annealing temperature for the deposited 2HfO  film is an important process 
parameter for the properties of the MIS capacitor. SEM image-based nanoroughness 
characterization along with electrical measurement results for the MIS capacitor 
properties showed that 700℃ was an optimal annealing temperature to improve the 
quality of  the deposited 2HfO  film. Parameters σ , ξ  and α  of relevant 
LER/LWR demonstrated the detailed effect of the process parameters on the quality 
of line edges and, hence, the properties of the MIS capacitors. This thickness of the 
deposited 2HfO  film obtained by the spectroscopic ellipsometry was compared with 
that obtained by SEM image-based charatcerization, and the sample tilt during SEM 
measurement was calculated (here the sample tilt was 37.39°), enabling the 
corresponding uncertainty of SEM to be estimated. 
Corresponding uncertainty is an indispensable part of a nanoroughness measurement 
result, and should be evaluated according to specific requirements of relevant ISO 
GPS standards and GUM. The uncertainty propagation model of the SEM-based 
nanoroughness measurement was presented; the method and implementation 
uncertainties were both evaluated. For the SEM-based nanoroughness measurement of 
a grating nanostructure, the implementation uncertainty caused by the SEM was 
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0.06nm, the uncertainties produced by the sampling length, the SEM image noise and 
the fitted median line of the least-square method were 0.00513nm, 0.025nm, and 
0.113nm, respectively. The total standard uncertainty was 0.13nm while its expanded 
uncertainty with the coverage factor k  = 3 was 0.39nm. 
7.3. Future Work 
SEM/TEM image-based metrology of LER/LWR for nanolinewidth and nanopitch 
specimens as well as the MIS capacitor with 2HfO  as high k dielectric has been 
carried out. However the algorithms and characteristic parameters obtained from this 
thesis cannot be applied directly to the metrology of sidewall roughness, which is 
another important specification for nanostructures and nanodevices and impacts their 
performances accordingly[7.1]. For example, the sidewall roughness of the contacts 
with a high aspect ratio of more than 15 will cause electromigration in a metal 
connection[7.2], and in a waveguide will improve its radiation loss, hence decreasing 
the sensitivity of its resonator and the extinction factor of its modulator[7.3]. Since 
AFM is a potential candidate to measure above mentioned sidewall roughness, it is 
helpful to investigate new AFM-based algorithms for the sidewall roughness 
metrology. 
A nanoscale multi-stepheight specimen is another kind of calibrator for specific 
instrument and measurand transferability and traceability; it is important to propose 
new techniques to fabricate a multi-stepheight specimen with nominal stepheight less 
than 10nm. Figure 7.1 shows that an MBE-based technique along with a wet or dry 
selective etching can fabricate the above mentioned multi-stepheight specimen. This 
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method is different from the one proposed by Dixson et al[7.4] at NIST to fabricate 
the silicon single atom step specimen, and also different from the one put forward by 
Hoffmann et al[7.5] at PTB to fabricate the single silicon dioxide stepheight specimen. 
Once such multi-stepheight specimen is fabricated, the relevant nanoroughness should 
be characterized to obtain the final fabrication accuracy and regulate the fabrication 
process. 
 
Figure 7.1- Diagram of a nanoscale multi-stepheight specimen. 
The topography of a microsphere impacts significantly on its adsorption on a specific 
substrate, and carbon nanotubes or silicon nanowires are frequently deposited on the 
surface of a nanosphere in order to modify its topography, hence changing its 
adsorption ability on a specific surface[7.6]. Therefore how to characterize the surface 
nanoroughness of these nanospheres is a prerequisite to investigate its adsorption 
mechanism on a specific substrate. 
Uncertainty estimation for SEM-based nanoroughness measurement has been 
investigated. SEM, TEM and AFM are also the widely-used instruments to 
characterize relevant roughness of specific nanostructures and nanodevices. 
Consequently in terms of the relevant standards of ISO GPS, mentioned in this thesis, 
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the implementation uncertainty and method uncertainty of TEM and AFM should be 
quantitatively evaluated and reported, so that the accuracy of corresponding 
nanoroughness metrology could be improved. 
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